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Preface to ”Plant Microbe Interaction 2017”

Plants have inhabited this earth for more than 500 million years. During that time, a diverse

array of different plants have developed, each adapted to its particular habitat. A particular habitat

is not only defined by its physical or chemical conditions like illumination, humidity, temperature,

availability of nutrients, or toxic compounds, but also by its microbial diversity. Not all plants are

only passively colonized by microbes. It turns out that plants have elaborated mechanisms to defend

themselves against parasitic or detrimental microbes, and also to support the growth of beneficial

microbes. As such, plants are involved in shaping the environment to which they are exposed.

Plants are also the most significant modifiers of the recent earth’s atmosphere. The ability for

photosynthesis, the fixation of carbon dioxide as biomass, the use of light as an energy source, and the

generation of oxygen are among the most important qualities for making and maintaining this earth

as a habitable environment. Therefore, plants are the most important contributors to the development

of balanced ecosystems that support the large diversity of organisms present on earth today.

Humans have learned to use and exploit plants for their own benefit. Plants are used as food,

as feed, as building materials, as sources of medicines, as air conditioners, as fertilizers, as carbon

dioxide binders, as embellishment, as heating materials, as detoxifiers, and much more. Recently,

human activity has severely imbalanced the atmosphere of the earth, resulting in a very rapid climate

change that does not leave enough time for the evolution of robust adaptations. Therefore, we

need to quickly understand how plants are interacting with their environment, and which effects

which environmental factors have on plant development. A better understanding of the complex

interactions plants have with their environment will be needed to develop strategies for supporting

plant growth under these increasingly adverse conditions.

This book shall contribute to the necessary understanding of how plants are affected by their

environment that is also shaped by microbes. The fifteen articles of the book highlight the newest

research results in the area of plant–microbe interaction. The articles cover different aspects of

plant–microbe interaction, and highlight studies for unraveling the mechanisms of plant disease, for

understanding the beneficial functions of microbes and for elucidating complete microbiomes in an

effort to correlate microbial diversity with plant health. We hope that the reader will find the narrative

of these fifteen articles both informative and inspiring, that it will open the reader’s horizon on novel

aspects, and lead to the creation of new and innovative ideas that will eventually help in preserving

our earth as a balanced and comfortable place to be.

Jan Schirawski, Michael H. Perlin

Special Issue Editors
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Abstract: Of the many ways that plants interact with microbes, three aspects are highlighted in
this issue: interactions where the plant benefits from the microbes, interactions where the plant
suffers, and interactions where the plant serves as habitat for microbial communities. In this editorial,
the fourteen articles published in the Special Issue Plant–Microbe Interaction 2017 are summarized
and discussed as part of the global picture of the current understanding of plant-microbe interactions.

Keywords: plant–microbe interactions; microbiome; transcriptome; effectors; comparative methods;
Streptomyces; plant growth-promoting bacteria; phytoremediation; rhodopsins

1. Introduction

Often not visible to the naked eye, interactions between plants and microorganisms occur in
many different ways and on many different levels. Virtually all organs of the plant interact with
microorganisms at a certain stage of their life, and this interaction is not necessarily negative for the
plant. Indeed, there are plenty of interactions where the plant benefits either through direct or through
indirect effects of the associated microbes. In these interactions, plants serve as sheltered habitats for
the microorganisms that may colonize apoplastic spaces, plant surface areas or areas adjacent to the
plant surface, e.g., the rhizosoil, the soil in the vicinity of roots. In addition to a sheltered habitat and a
future source of nutrients that are liberated upon plant death, many plants release compounds that
attract and feed the associated microbes. The associated microbes may in turn secrete compounds that
favor plant growth, they may make the plant more resistant to abiotic or biotic stress, or they may
defend the plant against more malignant microbes.

With the development of techniques to identify and quantify the microbial diversity associated
with plants, we begin to grasp the immensity of the interactions to which plants are exposed. Complete
microbiomes can be evaluated that are associated with different parts of the plant, and microbes can be
found wherever they are looked for. Since functional effects of these multidimensional interactions are
difficult to disentangle, most researchers stick to easier tractable and less complex interactions that can
be experimentally tackled. This holds also true for researchers studying plant–microbe interactions
that are clearly negative for the plant and result in the development of plant disease symptoms.
Research on these negative interactions focuses at identifying microbial and plant factors necessary for
establishment of the disease and elucidating their molecular function.

The sum of all these research endeavors will lead to an increased, detailed and more and more
complex understanding of the multidimensional interactions that plants keep with microbes. In this
issue, three aspects of plant–microbe interaction are highlighted: the good, the bad and the diverse.
In twelve original research articles and two reviews, we will learn about different interactions where

Int. J. Mol. Sci. 2018, 19, 1374; doi:10.3390/ijms19051374 www.mdpi.com/journal/ijms1
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the plant profits from the interaction with the microbes, where it suffers, and where it serves as a
habitat for a microbial community. Below, we will summarize the most interesting highlights.

2. The Good: Soil Microbes Positively Affecting Plant Growth

Of the microorganisms colonizing the rhizosoil, Streptomyces species are special. They grow
filamentously and can colonize not only soil but also roots and aerial parts of the plants; they are active
producers of antibiotics and can save the plant from attack by more dangerous bacteria; and they
produce volatile organic compounds that give rise to the typical fragrance of fresh forest soil. As such,
they qualify as biocontrol agents in several cropping systems, and strains serving as antagonists
of various plant pathogens can be identified. The versatile Streptomyces species also have plant
growth-promoting abilities and can be used as biofertilizers. Because of their ability to form spores and
survive adverse conditions in the soil, they are also more competitive than other microbes. In addition,
they produce various lytic enzymes that can break down insoluble organic polymers and generate
nutrients that can be used by plants. These fascinating aspects of Streptomyces species are nicely
summarized in the review by Vurukonda et al. [1].

Plant growth-promoting bacteria can also be used in phytoremediation of metal-contaminated
soils. Montalbán et al. show that exposing Helianthus tuberosus, a high biomass crop used for
bio-ethanol production, to particular plant growth-promoting bacteria that were isolated from
plants growing on a metal-contaminated soil increased the ability of the plant to sustain elevated
concentrations of cadmium and zinc [2]. The bacteria were shown to grow endophytically in
the root and resulted in a significantly increased cadmium uptake into the plant. In presence
of the bacteria, the plant showed a decrease of metal-induced stress and an improved growth.
Thus, these plant growth-promoting bacteria can help both in phytoremediation and in sustainable
biomass production [2].

Plant growth-promoting bacteria can induce drought and salt tolerance. Two articles study
the effect of plant growth-promoting bacteria on perennial ryegrass (Lolium perenne), an important
cool-season perennial grass species for pasture, forage and turf with high yield and good turf quality
such as a dense root system, superior tillering, and regeneration ability. Unfortunately, this popular
grass species is not very tolerant to drought or to high salinity. Su et al. show that the beneficial soil
bacterium Bacillus amyloliquefaciens GB03 together with a water-retaining agent consisting of super
absorbent hydrogels used for soil erosion control can significantly improve the drought resistance
of perennial ryegrass; this was true even compared to application of single components that already
significantly improve drought resistance of the plant relative to control [3]. He et al. used a novel
bacterium isolated from a C4 perennial succulent xerohalophyte shrub with excellent drought and
salt tolerance to significantly increase both the growth and salt tolerance of perennial ryegrass [4].
In addition, they sequenced the bacterial genome and identified several genes putatively involved in
plant growth-promoting traits and abiotic stress tolerance [4].

Zhang et al. studied the positive role of the arbuscular mycorrhizal fungus Rhizophagus irregularis
CD1 on plant growth promotion and the Verticillium wilt resistance of cotton [5]. They determined
the symbiotic efficiency of 17 cotton varieties to R. irregularis. The best one, Lumian 1, was used for a
two-year field trial. Presence of the mycorrhizal fungus significantly increased plant growth and plant
disease resistance against Verticillium dahliae wilt. While the negative effect on V. dahliae colonization
could be due to mycorrhiza-induced resistance, the authors show that growth of R. irregularis may
directly inhibit growth of V. dahliae by releasing as yet unknown volatiles [5].

Thus, microorganisms can be used to positively change growth capacities of plants and to make
them more resistant against biotic and abiotic stresses like draught and salt, stresses that will likely
occur much more often with progressing climate change. We will need to increase our knowledge
about how these systems function in order to tackle the challenges of the future and ensure plant
fitness under increasingly adverse conditions.
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3. The Bad: Elucidating Mechanistic Strategies of Plant Pathogens

Of the plant-pathogenic microorganisms, fungi are an enormous threat to plant health. While a
lot of plant-pathogenic fungi are highly host-specific, host switching events are often at the base
of emerging fungal diseases. Therefore, the elucidation of host-specificity factors that allow fungal
proliferation and disease formation on particular host plants is one of the hot research topics in plant
pathology. In the review by Borah et al., comparative methods for the molecular determination of
host-specificity factors are discussed [6]. It turns out that the elucidation of host-specificity factors
requires several successive steps, for each of which several comparative methods exist. In most
cases, comparison of molecular characteristics of different host-specific strains or species resulted
at best in a list of target genes potentially involved in host specific virulence that await verification
and functional validation. The authors indicate that intelligent combination of classical genetics,
genomics, and transcriptomics covering both the pathogen and the host may lead to host-specificity
factor identification and a mechanistic understanding of host specificity [6].

Biotrophic plant-pathogenic fungi live in close intimacy with the plant because they feed on
living plant tissue and have to subvert the defense systems of the plant. One of their strategies
for survival in the hostile plant tissue environment is the secretion of effector proteins that interact
with plant proteins to the advantage of the pathogen. In their contribution, Kuppireddy et al. have
analyzed the genome of Microbotryum lychnidis-dioicae, a biotrophic fungus causing anther smut
on a common weed, Silene latifolia, to identify putative effector proteins [7]. Out of 50 identified
putative effectors, they showed for four that they are indeed secreted proteins. Interaction analysis
revealed a plant protein with homology to a protein involved in pollen germination. Considering that
M. lychnis-dioicae forms spores exclusively in anthers, the places of pollen generation, this interaction
may lead to tantalizing insights into the interaction of the fungus with its host tissue [7]. Gao et al. also
identified effectors but in a different pathosystem [8]. They generated and analyzed the transcriptome
of Fusarium proliferatum, the causal agent of a destructive tomato disease during which dark brown
necrotic spots appear on leaves and stems that grow and cause stems to soften and wilt, often leading
to death of the entire tomato plant. In the absence of a published genome sequence, they resorted
to de-novo assembly of the sequenced transcriptome and analyzed gene expression to identify
184 putative effector candidates, most displaying elevated expression during plant colonization [8].
In a related study, Wang et al. analyzed the transcriptome of Kiwifruit in response to infection by
the bacterial canker pathogen Pseudomonas syringae pv. actinidiae (Psa) [9]. Gene expression analysis
of the infected kiwifruit plant revealed upregulation of several genes. These included key genes for
defense compound (terpene) biosynthesis and the generation of secondary metabolites, genes involved
in plant immunity (pathogen-associated molecular pattern-induced immunity and effector-triggered
immunity), as well as a change in expression of metabolic processes that may all have a role in
suppressing spread of Psa [9].

Adam et al. analyzed a completely different aspect in the interaction of fungal pathogens
with plants [10]. They found that phytopathogenic and phyto-associated ascomycetes contain
rhodopsin-encoding genes. The rice plant pathogen Fusarium fujikuroi contains two different
rhodopsins, CarO and OpsA. While CarO was previously shown to be a light-driven proton pump,
here the authors show that CarO is positively regulated by presence of indole-3-acetic acid and
of sodium acetate. Intriguingly, they showed that deletion of the CarO-encoding gene from the
genome of F. fujikuroi resulted in a hypervirulent strain with more severe bakanae symptoms than the
reference strain, indicating that CarO has a role in attenuating the disease potential of the fungus [10].
Thus, although our knowledge on how plant pathogens infect host plants and on how the plants
react to pathogen attack steadily increases, much remains still unknown. As the last example shows,
research often reveals unexpected results that stimulate further research and necessitate an adjustment
of the current plant–pathogen interaction models.
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4. The Diverse: Microbiomes of Seeds and Roots

Plants are covered by microbes: some of them cause disease, some have a positive influence on
plant growth, and some microbes may just be there with an as-yet undiscovered role in microbial
ecology. Roots are surrounded by a thick layer of associated microbes in the rhizosoil, and not
even seeds are sterile. Microbes associated with seeds can have a profound influence on plant
development, since they are present upon seed germination and can affect plant ecology, health and
productivity. The seed microbiome comprises both endophytic microbes as well as microbes present
on the seed surface. Chen et al. investigated whether there was a core microbiome associated with
the seeds of a medicinal plant, Salvia miltiorrhiza, used for traditional treatment of coronary and
cerebrovascular diseases [11]. The plant is also known to contain active secondary metabolites, such as
salvianolic acid and tanshinone, a diterpenoid quinone. They collected seeds from different geographic
cultivation areas and determined the total seed-associated microbiomes. They compared the seed
microbiomes of the different locations and also between those of S. miltiorrhiza and other commonly
cultivated crop plants. The authors found a clear overlap of microbial taxa associated with seeds
of S. miltiorrhiza. In contrast, the overlap in microbiomes of seeds of different plants was limited
to a few microbial species. Interestingly, the authors found that in the core bacterial microbiome,
genes for secondary metabolism were overrepresented, including genes encoding prenyltransferases,
terpenoid backbone biosynthesis enzymes, as well as enzymes for degradation of limonene, pinene
and geraniol. This suggests a possible contribution of the microbiome to the secondary metabolite
profile of medicinal plants [11].

In a parallel study, Sánchez-López et al. investigated whether seed-associated microbes could be
transmitted vertically through several generations [12]. They investigated seeds of Crotalaria pumila,
a pioneer plant in metal-contaminated soils. The most prominent community member of the
seed-associated microbiome of C. pumila over three generations was a Methylobacterium sp. Cp3 [12].
The authors could show that root inoculation of flowering plants with strain Cp3 led to the occurrence
of Cp3 in the seeds. Using tagged strains, the authors followed the bacteria colonizing the root cortical
cells and the xylem vessels in the stem of C. pumila under metal stress. They present evidence consistent
with a positive role of strain Cp3 for seed germination and seedling development [12]. This shows that
the seed microbiome may contribute significantly to the general fitness of the plant and may even be
involved in adaptation of the plant to adverse living conditions like metal-contaminated soils.

That roots are associated with microbes is common knowledge. What is less well-known is
that the microbes in the rhizospheres of different plants affect each other to the advantage of the
plants. Li et al. compared the root-associated microbiomes of maize and peanut either grown in
monoculture or in intercropping [13]. It turns out that intercropping resulted in a higher microbial
diversity with a higher accumulation of beneficial bacteria in the soil that led to increased levels of
soil-available nutrients and an increase in plant biomass [13]. While this study showed the advantage
of intercropping, in many areas, plant monocultures are cultivated successively on the same field.
Plantations of tea (Camella sinensis) can be grown for over 30 years on the same field. Compared to
new tea fields planted only two years ago, the older tea fields endure poor growth, chlorosis, wilting,
and ratooning problems. Arafat et al. have compared the rhizosoils of young and old tea monoculture
soils by measuring the bacterial diversity, the physicochemical properties of the soil and the content
of plant exudates (metabolites leaking from the plants into the soil via the roots) [14]. While the
physicochemical properties of the soils were nearly identical, the authors noticed an enhancement of
catechin-containing compounds and a lowering of the pH of the soils with continued tea monoculture,
which affected microbial distribution patterns. The authors suspect that plant exudates influence
the bacterial community of the associated soil, which might lead to the described problems in yield
reduction [14].
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5. Conclusions

In this issue of Plant–Microbe Interactions 2017, two interesting reviews and twelve research
articles highlight three aspects of plant–microbe interaction. Studying the beneficial interactions
can enable us to increase plant fitness without the application of plant protection chemicals.
These discoveries have a direct influence on agricultural practices, which justifies research to
mechanistically understand how the plant growth-promoting microorganisms exert their beneficial
effects. Of at least equal importance is understanding how plant pathogens can cause disease.
Whereas effector proteins are suspected to be responsible for manipulating the plant’s defense systems
and the plant’s metabolism to the advantage of the pathogen, the multitude of newly discovered
effectors leaves a big gap in the understanding of how the particular effector proteins function.
In addition, other genes of the pathogen might also affect their plant infection capacities, putatively
opening the door to the development of novel plant protection strategies. Finally, the diversity
of microbial communities is shown here to be not only responsible for ecosystem stability but
have multiple positive effects on plant growth, disease resistance or tolerance towards abiotic
stresses. Further research in this field is needed to finally understand the network interactions within
microbial communities living on, in or near plants and influencing plant fitness on several levels.
Therefore, in spite of new insights, research on plant–microbe interaction will continue to provide
unexpected discoveries that help in understanding the microbial interaction network of plants. This in
turn will empower us to optimize plant cultivation and provide food for an ever-growing population.

Acknowledgments: The authors acknowledge funding from the German Science Foundation (DFG; J.S.),
the National Science Foundation (NSF; M.H.P.) and the National Institutes of Health (NIH; sub-award
#OGMB131493C1 to M.H.P. from grant P20GM103436 (Nigel Cooper, PI)).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vurukonda, S.S.K.P.; Giovanardi, D.; Stefani, E. Plant growth promoting and biocontrol activity of
Streptomyces spp. as endophytes. Int. J. Mol. Sci. 2018, 19, 952. [CrossRef] [PubMed]

2. Montalbán, B.; Thijs, S.; Lobo, M.C.; Weyens, N.; Ameloot, M.; Vangronsveld, J.; Pérez-Sanz, A. Cultivar and
metal-specific effects of endophytic bacteria in Helianthus tuberosus exposed to Cd and Zn. Int. J. Mol. Sci.
2017, 18, 2026. [CrossRef] [PubMed]

3. Su, A.-Y.; Niu, S.-Q.; Liu, Y.-Z.; He, A.-L.; Zhao, Q.; Paré, P.; Li, M.-F.; Han, Q.-Q.; Ali Khan, S.; Zhang, J.-L.
Synergistic effects of Bacillus amyloliquefaciens (GB03) and water retaining agent on drought tolerance of
perennial ryegrass. Int. J. Mol. Sci. 2017, 18, 2651. [CrossRef] [PubMed]

4. He, A.-L.; Niu, S.-Q.; Zhao, Q.; Li, Y.-S.; Gou, J.-Y.; Gao, H.-J.; Suo, S.-Z.; Zhang, J.-L. Induced salt tolerance of
perennial ryegrass by a novel bacterium strain from the rhizosphere of a desert shrub Haloxylon ammodendron.
Int. J. Mol. Sci. 2018, 19, 469. [CrossRef] [PubMed]

5. Zhang, Q.; Gao, X.; Ren, Y.; Ding, X.; Qiu, J.; Li, N.; Zeng, F.; Chu, Z. Improvement of Verticillium wilt
resistance by applying arbuscular mycorrhizal fungi to a cotton variety with high symbiotic efficiency under
field conditions. Int. J. Mol. Sci. 2018, 19, 241. [CrossRef] [PubMed]

6. Borah, N.; Albarouki, E.; Schirawski, J. Comparative methods for molecular determination of host-specificity
factors in plant-pathogenic fungi. Int. J. Mol. Sci. 2018, 19, 863. [CrossRef] [PubMed]

7. Kuppireddy, V.; Uversky, V.; Toh, S.; Tsai, M.-C.; Beckerson, W.; Cahill, C.; Carman, B.; Perlin, M. Identification
and initial characterization of the effectors of an anther smut fungus and potential host target proteins. Int. J.
Mol. Sci. 2017, 18, 2489. [CrossRef] [PubMed]

8. Gao, M.; Yao, S.; Liu, Y.; Yu, H.; Xu, P.; Sun, W.; Pu, Z.; Hou, H.; Bao, Y. Transcriptome analysis of tomato leaf
spot pathogen Fusarium proliferatum: De novo assembly, expression profiling, and identification of candidate
effectors. Int. J. Mol. Sci. 2018, 19, 31. [CrossRef] [PubMed]

9. Wang, T.; Wang, G.; Jia, Z.-H.; Pan, D.-L.; Zhang, J.-Y.; Guo, Z.-R. Transcriptome analysis of kiwifruit in
response to Pseudomonas syringae pv. actinidiae infection. Int. J. Mol. Sci. 2018, 19, 373. [CrossRef] [PubMed]

5



Int. J. Mol. Sci. 2018, 19, 1374

10. Adam, A.; Deimel, S.; Pardo-Medina, J.; García-Martínez, J.; Konte, T.; Limón, M.; Avalos, J.; Terpitz, U.
Protein activity of the Fusarium fujikuroi rhodopsins CarO and OpsA and their relation to fungus–plant
interaction. Int. J. Mol. Sci. 2018, 19, 215. [CrossRef] [PubMed]

11. Chen, H.; Wu, H.; Yan, B.; Zhao, H.; Liu, F.; Zhang, H.; Sheng, Q.; Miao, F.; Liang, Z. Core microbiome of
medicinal plant Salvia miltiorrhiza seed: A rich reservoir of beneficial microbes for secondary metabolism?
Int. J. Mol. Sci. 2018, 19, 672. [CrossRef] [PubMed]

12. Sánchez-López, A.; Pintelon, I.; Stevens, V.; Imperato, V.; Timmermans, J.-P.; González-Chávez, C.;
Carrillo-González, R.; Van Hamme, J.; Vangronsveld, J.; Thijs, S. Seed endophyte microbiome of
Crotalaria pumila unpeeled: Identification of plant-beneficial methylobacteria. Int. J. Mol. Sci. 2018, 19, 291.
[CrossRef] [PubMed]

13. Li, Q.; Chen, J.; Wu, L.; Luo, X.; Li, N.; Arafat, Y.; Lin, S.; Lin, W. Belowground interactions impact the soil
bacterial community, soil fertility, and crop yield in maize/peanut intercropping systems. Int. J. Mol. Sci.
2018, 19, 622. [CrossRef] [PubMed]

14. Arafat, Y.; Wei, X.; Jiang, Y.; Chen, T.; Saqib, H.; Lin, S.; Lin, W. Spatial distribution patterns of root-associated
bacterial communities mediated by root exudates in different aged ratooning tea monoculture systems. Int. J.
Mol. Sci. 2017, 18, 1727. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

6



 International Journal of 

Molecular Sciences

Review

Plant Growth Promoting and Biocontrol Activity of
Streptomyces spp. as Endophytes

Sai Shiva Krishna Prasad Vurukonda *, Davide Giovanardi and Emilio Stefani *

Department of Life Sciences, University of Modena and Reggio Emilia, via Amendola 2,
42122 Reggio Emilia, Italy; davide.giovanardi@unimore.it
* Correspondence: saishivakrishnaprasad.vurukonda@unimore.it (S.S.K.P.V.); emilio.stefani@unimore.it (E.S.);

Tel.: +39-052-252-2062 (S.S.K.P.V.); +39-052-252-2013 (E.S.)

Received: 18 February 2018; Accepted: 16 March 2018; Published: 22 March 2018

Abstract: There has been many recent studies on the use of microbial antagonists to control diseases
incited by soilborne and airborne plant pathogenic bacteria and fungi, in an attempt to replace
existing methods of chemical control and avoid extensive use of fungicides, which often lead to
resistance in plant pathogens. In agriculture, plant growth-promoting and biocontrol microorganisms
have emerged as safe alternatives to chemical pesticides. Streptomyces spp. and their metabolites may
have great potential as excellent agents for controlling various fungal and bacterial phytopathogens.
Streptomycetes belong to the rhizosoil microbial communities and are efficient colonizers of plant
tissues, from roots to the aerial parts. They are active producers of antibiotics and volatile organic
compounds, both in soil and in planta, and this feature is helpful for identifying active antagonists
of plant pathogens and can be used in several cropping systems as biocontrol agents. Additionally,
their ability to promote plant growth has been demonstrated in a number of crops, thus inspiring the
wide application of streptomycetes as biofertilizers to increase plant productivity. The present review
highlights Streptomyces spp.-mediated functional traits, such as enhancement of plant growth and
biocontrol of phytopathogens.

Keywords: actinobacteria; streptomycetes; plant growth promoting rhizobacteria; microbe–microbe
interactions; microbial biocontrol agents

1. Introduction

Plants are extensively colonized by a range of beneficial microorganisms and acquire a variety of
plant–microbe interactions. Some of these interactions are beneficial, whereas some are detrimental to
the plant. The microorganisms grow on plants as a resource of nutrients or habitat niche. In one such
symbiotic interaction, the roots of many plants are infected by specific fungi (mycorrhizal association),
rhizobia, and actinobacteria (particularly streptomycetes) that help the plant to acquire nutrients from
the soil [1,2].

Currently, microbial endophytic communities are the focus of several studies aimed at
unraveling and clarifying their role as plant growth promoters and their involvement in plant health.
Several different bacterial species have been identified colonizing plant tissues and vessels, from
the root system up to the stem, leaves, and other plant organs. Most of them are described as
producers of metabolites positively interfering with plant life, for example, by enhancing nutrient
acquisition or by stimulating plant defense mechanisms towards pathogens [3]. Rhizobacteria and
mycorrhizal fungi are among the microorganisms that have proved to be of highest efficacy in
promoting plant growth and, therefore, crop productivity. Rhizosphere bacteria are able to enhance
nutrient uptake from the rhizosoil by the plants that they colonize. For this reason, they might
be considered efficient biofertilizers. In most cases, such growth-promoting rhizosphere bacteria
belong to the following species: Alcaligenes, Arthrobacter, Azospirillum, Azotobacter, Bacillus, Burkholderia,
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Enterobacter, Klebsiella, Pseudomonas, and Serratia [4,5]. Streptomyces spp. also belongs to the rhizospheric
microbial communities, but only very recently their ability to act as plant growth promoters has been
emphasized [6]. Rhizobacteria are also frequently found endophytically in roots and other plant
parts, showing their ability to colonize their hosts. In such cases, their plant-stimulating activity
does not cease, but can continue in the colonized plant tissues [7,8]. Mycorrhizal associations (ecto-
and endomycorrhizae) are also pivotally important in ensuring plant growth and biomass through
increasing nutrient and water uptake and enhancing plant resistance to abiotic and biotic stresses [9].

Mycorrhiza and rhizobia are, therefore, natural miniature fertilizer factories, an economical and
safe source of plant nutrients compared to synthetic chemical fertilizers, which substantially contribute
to environmental pollution. These microorganisms can increase agricultural production and improve
soil fertility and, therefore, have great potential as a supplementary, renewable, and environmentally
friendly source of plant nutrients.

Streptomyces spp. include many saprophytes, some of them becoming beneficial plant
endosymbionts, but also include a few plant pathogens. The filamentous and sporulating nature
of Streptomyces allows them to survive during unfavorable environmental conditions. Therefore,
they appear to compete more efficiently against many other microorganisms present in the rhizosoil.
Streptomycetes produce various lytic enzymes during their metabolic processes. Such enzymes are
able to degrade insoluble organic polymers, such as chitin and cellulose, breaking them to substituent
sugars for binding and uptake by multiple ABC transporters [10–13].

Plant growth promotion and productivity stimulated by microbial endophytic communities
are often associated with increased plant health, achieved through direct and/or plant-mediated
control of plant pests and pathogens. A few studies reported that root-associated microbes,
particularly mycorrhizae and/or rhizobacteria, might influence and change plant physiology such
that the aboveground parts are less prone to attack by phytophagous insects [14]. Plant defense
is then achieved by priming for enhanced expression of sequences regulated by the production of
jasmonic acid, ethylene, or salicylic acid. In other cases, beneficial microbes, such as root-colonizing
pseudomonads, may directly act against plant-feeding insects by producing volatile organic
compounds (VOCs) that have insecticidal properties [15]. In various studies, most of the antagonistic
relationships between beneficial microbes and pathogens have been successful in explaining efficient
biocontrol activity against many fungal diseases [16]. In a number of studies, researchers have
found that endophytic microorganisms may have a symbiotic association with their host plants.
According to Benhamou et al. [17], the endophytic Bacillus pumilus efficiently protected pea plants
from Fusarium oxysporum f. sp. pisi, the causal agent of Fusarium root rot. Similarly, Varma et al. [18]
demonstrated the growth-promoting activity in various plants elicited by the endophytic fungus
Piriformospora indica. These endophytic microorganisms provide real advantages to the host plants,
for example, by enhancing the physiological activity of the plant or facilitating the uptake of nutrients
from the soil. Thus, they may serve as biocontrol agents or plant growth promoters [19]. Among other
microorganisms, a variety of actinomycetes inhabits a wide range of plants as endophytes [20–25];
therefore, such actinobacteria may have both the potential to serve as effective biocontrol agents and to
be considered as efficient plant growth promoters [26–28]. The genus Streptomyces has been extensively
studied and used for biocontrol of soilborne fungal pathogens because of its intense antagonistic
activity through the production of various antifungal metabolites [29–31].

2. Streptomyces spp. as Endophytes

Streptomycetes are Gram-positive bacteria belonging to the order Actinomycetales and the
family Streptomycetaceae; roughly, streptomycetes are represented by more than 570 different
species [32]. Streptomycetes are aerobic and filamentous bacteria able to produce vegetative hyphae
that eventually form a complex mycelium and are able to grow and colonize different substrates.
They are spore-forming bacteria and their spores may aid the dispersion and dissemination of the
microorganism [33]. The genus Streptomyces includes ten plant pathogenic species, most of which are
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causal agents of the common scab of potatoes [34]. In nature, streptomycetes have a quite widespread
distribution and are found in soils of very different structure and chemistry, in surface waters, and in
plants as rhizosphere colonizers or true endophytes. As endophytic microorganisms, they colonize the
internal part of plants, mainly the root system and the xylem tissues of the stem, causing no apparent
change to their host’s morphology and physiology [35,36]. In different natural environments, they often
play a major role in nutrient cycling. They may also have a strong influence in the population structure
of environmental microbial communities due to their ability to produce a large set of secondary
metabolites, many of which are of clinical and biotechnological importance [37,38].

From the medical point of view, Streptomyces is the largest antibiotic-producing genus against
clinical microorganisms (fungi and bacteria) and parasites. They also produce other clinically important
bioactive compounds such as immunosuppressants [39]. Only very recently streptomycetes has been
considered as a prospective biocontrol agent in agriculture. Indeed, their ability to produce antibiotics
may be used to control plant pathogenic bacteria and fungi [40]. Interference competition, an important
strategy in interspecific interactions, is the production of growth inhibitory secondary metabolites (for
example, antibiotics, toxins, biosurfactants, volatiles, and others) that can suppress or kill microbial
opponents [41,42]. This feature is particularly present in streptomycetes, thus suggesting their use in
excluding plant pathogens from their crop plants.

Interestingly, in a few cases, their interactions with plants may lead to suppression of the innate
plant responses to phytopathogens. Therefore, it is of great importance to choose and characterize
single Streptomyces strains for possible use as microbial antagonists. This is conveniently done through
extensive in vitro and in planta studies on the roles of their antibiotics and possible production
of VOCs [43]. One of the most common metabolites in streptomycetes communities is geosmin,
a bicyclic alcohol derivative of decalin that confers the typical “earthy” flavor to the substrates they
colonize [44]. Geosmin may be regarded as a volatile organic compound of microbial origin to which
the human nose is extremely sensitive [45]. Although geosmin has no known antibiotic activity and its
adaptive significance is not yet known, this metabolite might have an important role in the biology of
streptomycetes [46]; indeed, it is a well-conserved trait and the gene responsible is highly conserved
among Streptomyces spp. [47]. Geosmin enables bacteria to adapt to various environments, such as
microbial communities or the host, ultimately influencing bacterial competition and cooperation [48].
It also has the ability to induce selective growth of geosmin-utilizing bacteria [49].

Microbial endophytes that efficiently and stably colonize different plant tissues, from roots
to all aerial parts, have been long known, although their pivotal importance in agriculture has
become evident only in recent decades. The main roles of endophytic microorganisms were discussed
around 20 years ago, when several authors focused on symbiotic microorganisms and their possible
plant–microbe interactions from a systematic, ecological, and physiological point of view [50–53].
Later discovery of the metabolic potential of such endophytes in planta, their ability to efficiently
compete with other endophytes (included plant pathogens), and their role in stimulating the expression
or overexpression of plant genomic sequences involved in tolerance/resistance to plant stresses (abiotic
and biotic) indicated that selected endophytes may be considered as very promising agents to control
plant pests and diseases.

Actinobacteria, and streptomycetes in particular, are known to constitute a large part of the
rhizosoil microbiota. They may live saprophytically and endophytically in both natural and agricultural
environments where they may colonize the rhizosphere and different morphological parts of plant
roots [54]. Therefore, considering their plant growth-promoting activity, streptomycetes represent an
excellent alternative for improving nutrient availability to crop plants and promoting innovation and
sustainability in agricultural systems [55]. Plant growth-promoting streptomycetes (PGPS) stimulate
and enhance several direct and indirect biosynthetic pathways in plants, for example, inorganic
phosphate solubilisation, biosynthesis of chelating compounds, phytohormones production, inhibition
of plant pathogens, and alleviation of various abiotic stresses (Figure 1) [56].
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Figure 1. Representation of possible plant–microbe interactions favouring plant growth and/or
biocontrol of phytopathogens by streptomycetes as rhizosphere competent microorganisms and/or
endophytes (adapted from [57]).

The isolation of actinomycetes in pure culture is an important step for screening the production
of bioactive compounds. The most studied actinomycetes are species from the genus Frankia,
a nitrogen-fixing bacterium of non-leguminous plants [58], and a few species of the genus Streptomyces
that are phytopathogens [59]. Mundt and Hinckle [60] were able to isolate different species of
Streptomyces and Nocardia from 27 different plant species, finding these actinobacteria present as
endophytes in different plant tissues such as seeds and ovules. Sardi et al. [20] isolated and observed,
through direct microscope examination, endophytic actinomycetes from the roots of 28 plant species
from Northwestern Italy, finding actinomycetes belonging to the genus Streptomyces and other common
genera, namely Streptoverticillium, Nocardia, Micromonospora, and Streptosporangium.

3. Streptomyces spp. as Plant Growth Promoters and Improvement of Plant Nutrition

Actinobacteria may have, in general, a positive role in plant mineral nutrition. This is correlated
to both nitrogen fixation and metal mobilizing ability involving mineral nutrients such as Fe, Zn,
and Se. Nonetheless, metagenomic analyses have not proven that streptomycetes are involved in such
beneficial processes [61]. Metagenomic analyses of bacterial microbiota in plants have shown that the
phylogenetic and taxonomic composition of such microbial communities is limited to few bacterial
phyla, including actinobacteria.

More recently, Viaene et al. [7] highlighted the contribution of streptomycetes to plant growth
and health. The plant has an important role in shaping its root microbiome through root exudate
composition (chemotaxis) and nutritional interactions [62–64]. Plant root exudates are a source of
metabolic signals (such as flavonoids, strigolactones, and terpenoids) that have the ability to shape the
microbial communities in the rhizosphere. The signals that attract streptomycetes into the rhizosphere
are still unknown. From the rhizosphere, streptomycetes are able to enter roots and colonize root
tissues and vessels from where they can be isolated [24] and purified to identify them and describe
their physiology and their microbe–microbe interactions.
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Actinobacteria, such as Streptomyces spp., influence soil fertility through the involvement of
many components and serve as nutrient enhancers. Besides producing siderophores and solubilizing
phosphate, they are known to produce various enzymes—including amylase, chitinase, cellulase,
invertase, lipase, keratinase, peroxidase, pectinase, protease, phytase, and xylanase—which make
the complex nutrients into simple mineral forms. This nutrient cycling capacity makes them ideal
candidates for natural fertilizers [65]. The relationship between PGPS and their host plant and
the biochemical processes involved deserve deeper investigation. This knowledge would allow
manipulation of those interactions, particularly the biochemical mechanisms leading to a compatible
relationship between the host plant and its endophytes. Most streptomycetes are free-living in the soil
as saprophytes and are able to colonize the rhizosphere and rhizoplane of the host plant. For instance,
some PGPS, initially known as soil-dwelling microorganisms, were found to efficiently colonize
the inner tissues of selected host plants as endophytes, therefore proving their ability to fully or
partly conduct their life cycle inside plant tissues [66]. Additionally, a wide variety of Streptomyces
species may establish beneficial plant–microbe interactions [67–69]. Table 1 summarizes the plant
growth-promoting activity of Streptomyces species—many of them not fully identified—that gain access
to root tissues from the rhizosoil. These species thus acquire an endophytic status without causing any
visible harm or symptoms in the host plant. Such streptomycetes, although not always identified at
the species level, are reported to have marked plant growth-promoting activity in their host plants.
These species are most likely present in the apoplast of different parts of the plant (that is, roots,
stems, leaves, flowers, fruits, and seeds) [69]. Coombs and Franco [70] demonstrated the endophytic
colonization of wheat embryos, endosperm, and emerging radicles by tagging Streptomyces spp. strain
EN27 with green fluorescent protein.

The endophytic streptomycetes can also be a source of metabolites that promote or improve host
plant fitness and growth, as well as reduce disease symptoms that are caused by plant pathogens or
various environmental stresses [71].

Table 1. List of streptomycetes isolated from plants or the rhizosphere showing plant growth-promoting
(PGP) activity.

Species Host Plant PGP Traits/Observed Effects in Plants Reference

Streptomyces sp. Clover Nutrient uptake [72]

Streptomyces sp. Rice, chickpea Nutrient uptake and plant growth [73,74]

Streptomyces lydicus Pea Nodulation [75]

Streptomyces sp. Mung bean Enhanced plant growth [68]

Streptomyces sp. Soybean Nutrient uptake and plant growth [76]

Streptomyces atrovirens,
S. griseoviridis, S. lydicus,

S. olivaceoviridis,
S. rimosus, S. rochei,

S. viridis

Rhizosphere of different plants Auxin/IAA production [77–81]

Streptomyces sp. - Gibberellin biosynthesis [82]

Streptomyces igroscopicus - ACC deaminase [83]

Streptomyces sp. Terfezia leonis Tul. Siderophore production, IAA,
and gibberellic acid production [84]

Streptomyces sp. Marine environments Gibberellic acid, IAA, abscisic acid,
kinetin, and benzyladenine [85]

Streptomyces
aurantiogriseus Rice IAA production [86,87]

Streptomyces sp. Soil Synthesis of IAA and siderophore
production [88]

Streptomyces spp. - B-1,3-Glucanase, IAA, and HCN
synthesis [73,89]

Streptomyces sp. - Siderophore production [90]
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Table 1. Cont.

Species Host Plant PGP Traits/Observed Effects in Plants Reference

Streptomyces rochei,
S. carpinensis,

S. thermolilacinus
Wheat rhizosphere Production of siderophore, IAA

synthesis, and phosphate solubilization [91]

Streptomyces sp. Soil Siderophore production, phosphate
solubilization, and N2 fixation [72]

Streptomyces spp. Alnus glutinosa, Casuarina glauca,
Eleagnus angustifolia

Production of zeatin, gibberellic acid,
and IAA [92]

Streptomyces
olivaceoviridis, S. rochei Wheat Auxin, gibberellin, and cytokinin

synthesis [93]

Streptomyces
hygroscopicus Kidney beans Formation of adventitious roots in

hypocotyls [94]

Streptomyces sp. Rhododendron
Accelerated emergence and elongation
of adventitious roots in tissue-cultured
seedlings

[28]

Streptomyces filipinensis,
S. atrovirens Tomato Plant growth promotion [78]

Streptomyces spiralis Cucumber Plant growth promotion [95]

Streptomyces spp.
Sorghum Enhanced agronomic traits of sorghum

[96]
Rice Enhanced stover yield, grain yield, total

dry matter, and root biomass

Note: IAA: Indole-3-acetic acid; ACC: 1-amino cyclopropane-1-carboxylic acid; HCN: Hydrogen cyanide.

Plant Hormone Production by Streptomycetes

Many scientific reports have explained the ability of endophytic actinobacteria to stimulate
the secretion of plant growth hormones and enhance their growth-promoting activity. A study by
Dochhil et al. [97] described the evidence of plant growth-promoting activity and a higher percentage
of seed germination due to the synthesis of higher concentrations (71 g/mL and 197 g/mL) of the
plant growth hormone indole acetic acid (IAA) by two Streptomyces spp. strains isolated from
Centella asiatica. In field trials, increased growth promotion and yield of cucumber was achieved
by the application of Streptomyces spiralis alone, or in combination with other microbial “activators”
such as Actinoplanes campanulatus or Micromonospora chalcea. Such experiments highlight the role of
multiple microbes (or a microbial consortium) in very productive crop systems [98,99].

In soil, most of the known actinomycetes belong to genus Streptomyces and have been used
for various agricultural purposes, mainly due to their production of antifungal and antibacterial
metabolites and a number of plant growth-promoting (PGP) traits [100,101]. Indeed, more than 60%
of known compounds with antimicrobial or plant growth-promoting activity originate from this
genus [102]. In agricultural environments, Streptomyces species are an important group of soil bacteria
because of their ample capacity to produce PGP substances, secondary metabolites (such as antibiotics),
and enzymes [77,103].

Indole-3-acetic acid (IAA) is a common plant hormone belonging to the class of auxins.
It has an important role in plant growth and development since it induces cell elongation and
division. Manulis et al. [104] studied the production of IAA and the pathways of its synthesis by
various Streptomyces spp., including Streptomyces violaceus, Streptomyces griseus, Streptomyces exfoliates,
Streptomyces coelicolor, and Streptomyces lividans. Reddy et al. [105] isolated Streptomyces atrovirens from
groundnut roots. This bacteria has shown excellent growth-promoting activity not only on groundnut
but also on a number of other crops. These results are particularly interesting since they show the ability
of a single streptomycete to promote growth in multiple different plants. El-Sayed et al. [106] and
El-Shanshoury [107] reported IAA production in plants stimulated by Streptomyces sp. in greenhouse
experiments while El-Tarabily [78] was successful in comparing different Streptomyces spp. strains.
In these experiments, remarkably efficient growth promotion was stimulated by Streptomyces filipinensis
due to its production of IAA.
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1-aminocyclopropane-1-carboxylate (ACC) is a derived amino acid that is required for the
endogenous biosynthesis of ethylene in plants. Comparing different streptomycetes, El-Tarabily [78]
noted that the increased growth promoted by Streptomyces filipinensis, when compared to S. atrovirens,
was due to the production of both IAA and ACC, whereas S. atrovirens produced only ACC deaminase.
Therefore, a single streptomycetes was shown to produce more than one plant hormone. These results
are of great interest for the possible exploitation of streptomycetes as plant growth stimulants.

The endophytic colonization of streptomycetes connected with their influence on plant nutrition is
poorly studied so far. However, nitrogen-fixing actinobacteria and their correlation with plant nutrition
and productivity have been recently described [108]. Among such actinobacterial communities, a few
Streptomyces spp. with nitrogen-fixing capacity have been identified. Siderophore production has
also been described. In particular, isolates of Streptomyces spp. were able to produce and excrete an
enterobactin, an iron-chelating compound characteristic of some Enterobacteriaceae [90,109].

4. Streptomycetes in Plant Protection against Biotic Stresses

Microbial biocontrol agents have the ability to perform antibiosis, parasitism, or competition
with the pathogen for nutrients and space. They may also induce disease resistance in the host
plant that they colonize, acting along different steps of the infection process. Therefore, protection
of plants from biotic stresses may be the result of one or more microbe–microbe or plant–microbe
interactions [110]. Actinomycetes, and particularly Streptomyces species, are well known for their
production of a wide spectrum of antibiotics. These are often species specific and allow them to develop
symbiotic interactions with plants by protecting them from various pathogens; at the same time, plant
exudates promote Streptomyces growth [111]. In the last two decades, there has been an increasing
interest in antibiosis by PGPB and such biocontrol mechanisms are now better understood [112].
Several metabolites with antibiotic nature produced by pseudomonads have been studied and
characterized so far, e.g., the cyclic lipopeptide amphysin, 2,4-diacetylphloroglucinol (DAPG), oomycin
A, the aromatic polyketide pyoluteorin, pyrrolnitrin, the antibacterial compound tropolone [113,114].
Other bacterial genera, such as Bacillus, Streptomyces, Stenotrophomonas spp., produce the macrolide
oligomycin A, kanosamine, the linear aminopolyol zwittermicin A, and xanthobactin [115,116]. They also
synthesize several enzymes that are able to disrupt fungal cell walls [39]. Early studies performed
during the 1950s described the production by streptomycetes of a set of antibiotics suitable for
controlling foliage diseases caused by phytopathogenic fungi [117,118]. Later, several other authors
reported excellent biocontrol activity of some phytopathogenic soilborne fungi such as Pythium spp.,
Fusarium spp. [119], Rhizoctonia solani [120], and Phytophthora spp. [121] (Table 2).

Table 2. Biocontrol activity of several Streptomyces spp. against different fungi.

Species/Strain Plant Disease Target Pathogens References

Streptomyces
viridodiasticus Lettuce Basal drop disease Sclerotinia minor [122]

S. violaceusniger G10 Banana Wilt Fusarium oxysporum f. sp. cubense race 4 [123]

Streptomyces sp.
KH-614 Rice Blast Pyricularia oryzae [124]

Streptomyces sp.
AP77 Porphyra Red rot Pythium porphyrae [125]

Streptomyces sp. S30 Tomato Damping off Rhizoctonia solani [126]

S. halstedii Red pepper Blight Phytophthora capsica [127]

Streptomyces spp.
47W08, 47W10 Pepper Blight Phytophthora capsica [128]

S. violaceusniger XL-2 Many Wood rot Phanerochaete chrysosporium, Postia placenta,
Coriolus versicolor, Gloeophyllum trabeum [129]

S. ambofaciens S2 Red chili fruits Anthracnose Colletotrichum gloeosporioides [130]

Streptomyces spp. Sugar beet Damping off Sclerotium rolfsii [131]
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Table 2. Cont.

Species/Strain Plant Disease Target Pathogens References

S. hygroscopicus Many Anthracnose and leaf
blight Colletotrichum gloeosporioides and Sclerotium rolfsii [132]

Streptomyces spp. Sunflower Head and stem rot Sclerotinia sclerotiorum [133]

Streptomyces sp. Sweet pea Powdery mildew Oidium sp. [134]

S. vinaceusdrappus Rice Blast Curvularia oryzae, Pyricularia oryzae, Bipolaris
oryzae, Fusarium oxysporum [135]

Streptomyces sp. RO3 Lemon fruit Green mold and sour
rot Penicillium digitatum, Geotrichum candidum [136]

S. spororaveus RDS28 Many

Collar or root rot,
stalk rot, leaf spots,

and gray mold rot or
botrytis blight

Rhizoctonia solani, Fusarium solani, Fusarium
verticillioides, Alternaria alternata, Botrytis cinerea [137]

S. toxytricini vh6 Tomato Root rot Rhizoctonia solani [138]

Streptomyces spp. Sugar beet Root rot Rhizoctonia solani, Phytophthora drechsleri [139]

Streptomyces sp. Chili Root rot, blight,
and fruit rot

Alternaria brassicae, Colletotrichum gloeosporioides,
Rhizoctonia solani, Phytophthora capsica [140]

Streptomyces sp. Chili Wilt Fusarium oxysporum f. sp. capsici [141]

Streptomyces sp. Ginger Rhizome rot Fusarium oxysporum f. sp. zingiberi [142]

Streptomyces sp. CBE Groundnut Stem rot Sclerotium rolfsii [143]

Streptomyces sp. Tomato Damping off Rhizoctonia solani [144]

Streptomyces sp. Tobacco Brown spot Alternaria spp. [145]

S. aurantiogriseus
VSMGT1014 Rice Sheath blight Rhizoctonia solani [87]

S. felleus YJ1 Oilseed rape Stem rot Scleotinia sclerotiorum [146]

S. vinaceusdrappus
S5MW2 Tomato Root rot Rhizoctonia solani [147]

Streptomyces sp.
CACIS-1.16CA Many -

Curvularia sp., Aspergillus niger, Helminthosporium
sp., Fusarium sp. Alternaria sp., Phytophthora
capsici, Colletotrichum sp., and Rhizoctonia sp.

[148]

S. griseus Tomato Wilt Fusarium sp. [149]

Streptomyces sp. Potato Silver scurf Helminthosporium solani [150]

S. rochei Pepper Root rot Phytophthora capsica [151]

Streptomyces sp. Maize Seed fungi Aspergillus sp. [152]

S. lydicus WYEC108 Many Foliar and root
fungal diseases -

[153,154]

S. griseoviridis K61 Many Root rot and wilt
pathogenic fungi -

Streptomyces sp.
YCED9 and
WYEC108

Lettuce Damping off Pythium ultimum, Sclerotinia homeocarpa,
Rhizoctonia solani [153,155]

Streptomyces G10 Banana Wilt Fusarium oxysporum f. sp. cubense [156]

S. violaceusniger
YCED9 Turfgrass Crown/foliar disease Rhizoctonia solani [157]

Streptomyces sp. Cucurbit Anthracnose Colletotrichum orbiculare [19]

Streptomyces sp.
A1022

Pepper and
cherry tomato Anthracnose Colletotrichum gloeosporioides [158]

S. halstedii K122 Many - Aspergillus fumigatus, Mucor hiemalis, Penicillium
roqueforti, Paecilomyces variotii [159]

Streptomyces sp.
MT17 Wood rotting Different fungi [160]

S. lavendulae HHFA1
Onion Bacterial rot

Erwinia carotovora subsp. carotovora, Burkholderia
cepacia [161]S. coelicolor HHFA2

Streptomyces sp. 5406 Cotton Soilborne diseases Soilborne plant pathogens [162]

Streptomyces sp. Raspberry Root rot Phytophthora fragariae var. rubi [163]

S. albidoflavus Tomato Many
Alternaria solani, A. alternata, Colletotrichum

gloeosporioides, Fusarium oxysporum, Fusarium
solani, Rhizoctonia solani, Botrytis cinerea

[164]

Streptomyces sp. Soybean Bacterial blight Xanthomonas campestris pv. glycines [165]

Streptomyces sp.
BSA25 and WRAI Chickpea - Phytophthora medicaginis [166]

Streptomyces sp. Chickpea Fusarium wilt Fusarium oxysporum f. sp. ciceri [167]

Streptomyces sp. Chickpea Basal rot Macrophomina phaseolina [73]

Streptomyces sp. Cucumber Fusarium wilt Fusarium oxysporum [168]
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As shown in Table 2, streptomycetes are promising microbial biocontrol organisms that are able
to antagonize and/or kill fungal and bacterial plant pathogens. Their biocontrol activity is often
performed before the pathogens completely infect their respective host. Recently, these organisms
have been the focus of different approaches toward the development of biocontrol strategies against
soilborne pathogens [120,169]. For instance, by treating seeds with endophytic Streptomyces spp.
and Micromonospora spp. prior to sowing, Arabidopsis thaliana was protected from infection by
Erwinia carotovora and F. oxysporum. Streptomycetes were observed antagonizing pathogens by
inducing the expression of defense pathways in the plant [170]. This observation implies that the
microbial antagonists penetrated the seeds during their germination and colonized the seedlings.
Bacon and Hinton [171] reported that varying levels of disease suppression in the field were
positively correlated with similar results obtained from in vitro experiments. In other experiments,
a significant pathogen inhibition in vitro was not always correlated with disease protection in planta.
Growth inhibition of plant pathogens by endophytic bacteria indicates the presence of antagonistic
activities between them, which may act directly (by mechanisms of antibiosis, competition, and lysis)
or indirectly (by inducing plant defense or by growth-promoting substances) [31,172] (Figure 2a,b).

Figure 2. In vitro biocontrol activity of Streptomyces spp.: (a) antimicrobial activity against Clavibacter
michiganensis subsp. michiganensis, the causal agent of the tomato bacterial canker and (b) antifungal
activity against Monilinia laxa, the causal agent of the brown rot of stone fruits.

Production of chitinolytic enzymes and siderophores (iron-chelating compounds) is a
known additional mode of action for fungal growth inhibition by endophytic actinobacteria.
Endophytic actinobacteria can produce enzymes that degrade fungal cell walls, especially by the
production of chitinases. Over 90% of chitinolytic microorganisms are actinomycetes. These have
been extensively studied during the last two decades, starting in the mid-1990s [173]. The production
of chitinases by actinomycetes and by streptomycetes in particular makes these organisms very
promising microbial biocontrol agents. In Streptomyces plicatus, chitinases are encoded in a region of
chi65, the expression of which is induced by N,N′-diacetylchitobiose and activated by allosamidin [174].
In fungi, chitinase is necessary for fungal development, such as hyphal growth and branching [175].
Several bacteria, and streptomycetes in particular, also produce a set of chitinases to obtain nutrients
through degradation of environmental chitin, including the cell wall of soil fungi. Therefore, this ability
may be exploited in the selection and exploitation of chitinolytic microbial agents for the biocontrol of
phytopathogenic fungi [176,177]. Allosamidin is an important secondary metabolite of streptomycetes
and was initially reported as a chitinase inhibitor [178]. Later, they further investigated the role of
allosamidin in its producing Streptomyces and showed that allosamidin inhibits all family 18 chitinases,
but can dramatically promote chitinase production and growth of its producer Streptomyces [174,179].
This appears particularly important for the bacterial growth in soil where chitin, mainly originating
from insect cuticle and fungal cell walls, is a major nutrient source. Therefore, allosamidin is listed as a
potent secondary metabolite with antifungal activity [180].

Although both crude and purified chitinases have great potential for cell wall lysis of
fungal pathogens, in common agricultural systems the use of selected streptomycetes as microbial
biocontrol agents targeting important phytopathogens appears to be a more effective strategy.
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This is due to the high cost of purified antimicrobial molecules, making them more suitable as
pharmaceuticals against clinical and animal pathogens. The ability of siderophores to promote
plant growth and enhance antagonism to phytopathogens has gained more significance [69,181,182].
El-Shatoury et al. [183] reported actinobacteria from Achillea fragrantissima that were capable of
producing both chitinases and siderophores; they also showed remarkable inhibitory activity
against phytopathogenic fungi. These reports were strongly supported and further explained by
Gangwar et al. [184] studying actinobacteria from Aloe vera, Mentha arvensis, and Ocimum sanctum.
The latter authors provided quantitative data for different types of siderophore compounds: the
hydroxamate-type of siderophore ranged between 5.9 and 64.9 μg·mL−1 and the catechol-type of
siderophore occurred in a range of 11.2–23.1 μg·mL−1. In another investigation, El-Tarabily et al. [185]
applied endophytic Streptomyces spiralis together with Actinoplanes campanulatus and Micromonospora
chalcea to cucumber seedlings. Since this group of microorganisms, applied as a microbial consortium,
showed more effectiveness in the reduction of seedling damping off and root- and crown-rot diseases
by Pythium aphanidermatum than the single actinobacterium, this study recommended their use as very
effective biocontrol agents. Therefore, as for other PGPR, several streptomycetes produce siderophores
to sequester iron in the rhizosphere, making iron unavailable to certain rhizoplane microorganisms,
in particular to some phytopathogens. These pathogenic microorganisms are often unable to obtain
essential quantities of iron for their growth because they do not produce siderophores, produce
comparatively less siderophores than PGPR, and/or produce siderophores that have less affinity for
iron than those of PGPR [186].

Igarashi studied the new bioactive compound 6-prenylindole produced by a Streptomyces spp. [187].
In the beginning, it was reported as a component of liverwort (Hepaticae) and it showed significant
antifungal activity against Alternaria brassicicola. Interestingly, this molecule was isolated from both
plants and microorganisms [187]. Similar reports by Zhang et al. [188] explained the inhibition
of the phytopathogenic fungi Colletotrichum orbiculare, Phytophthora capsici, Corynespora cassiicola,
and Fusarium oxysporum by a new prenylated compound and three known hybrid isoprenoids
with IC50 in the range 30.55–89.62. Another study by Lu and Shen [189,190] reported inhibition
of Penicillium avellaneum UC-4376 by naphthomycins A and K produced by Streptomyces spp.
The synthesis of fistupyrone, a metabolite produced by Streptomyces spp. isolated from leaves of
spring onion (Allium fistulosum), was found by Igarashi [187] to inhibit Alternaria brassicicola, the causal
agent of the black leaf spot in Brassica plant. This study reported that fistupyrone was able to inhibit
the fungal infection process by pre-treating the seedlings with such compound at a concentration of
100 ppm. In support of this statement, experiments by Igarashi et al. [191] evidenced that fistupyrone
did not inhibit the growing hyphae but suppressed spore germination of fungi at 0.1 ppm concentration.

Streptomyces spp. have the capacity to produce cellulolytic enzymes and various secondary metabolites,
which directly act on herbivorous insects and show toxic activity on phytopathogens and/or insect
pests [192,193]. A set of different molecules from Streptomyces spp. that act against insect pests
have been found and characterized; these are, for instance, flavensomycin [194], antimycin A [195],
piericidins [196], macrotetralides [197] and prasinons [198]. Streptomyces avermitilis, a common soil
inhabitant, was shown to produce avermectins, molecules with potent activity against arthropods
and nematodes [199]. These compounds derive from lactones and are macrocyclic in nature; they
mainly act on the insect peripheral nervous system by targeting the γ-aminobutyric acid (GABA)
receptors, leading to paralysis of the neuromuscular system [200]. Commercial insecticides based on
avermectin mixtures are known as abamectin and they act on phytophagous arthropods directly by
contact and ingestion. They are not systemic in plants, showing just a limited translaminar activity.
Similar molecules produced by Streptomyces spp. are emamectin—particularly toxic to Lepidoptera,
and milbemectin—and are specifically isolated from S. hygroscopicus.

16



Int. J. Mol. Sci. 2018, 19, 952

5. Commercialization, Environmental Effects, and Biosafety of Streptomyces Products

Streptomycete producing antimicrobial secondary metabolites present an attractive alternative
to chemical fertilizers, pesticides, and supplements, which may result in a significant increase in
agricultural plant growth and pest and disease control [201]. While increasing our knowledge of
the mechanisms triggered by actinomycetes for suppressing plant diseases, improving nutrient
uptake by plants, and stimulating and/or increasing the production of phytohormones in planta,
a great deal of research is being carried out worldwide for the development of correct formulations
containing actinomycete inoculants as their active ingredients. Nevertheless, very few actinomycete-based
products are currently commercialized. Although biocontrol with PGPR is an acceptable green approach,
the proportion of registration of Streptomyces spp. as biocontrol agents for commercial availability is very
low. Mycostop (Verdera Oy, Finland) is the only Streptomyces-based plant protection product registered in
the EU; it is also registered in Canada and the USA. Actofit and Astur, based on Streptomyces avermitilis,
are registered as insecticides in the Ukraine. Table 3 lists the microbial pesticides that are registered
in particular countries worldwide. In most cases, metabolites produced by Streptomyces spp. are
registered as active substances in plant-protection products, as shown in Table 4.

Table 3. List of Streptomyces spp.-based products available in the market worldwide (data collected
and modified into a table from [202]).

Commercial
Product Name

Organism as Active
Substance

Registered as
Microbial
Pesticide

Targeted Pest/Pathogen/Disease

Actinovate,
Novozymes

BioAg Inc., USA
S. lydicus WYEC 108 Canada, USA

Soilborne diseases, viz. Pythium, Fusarium, Phytophthora,
Rhizoctonia, and Verticillium; foliar diseases such as
powdery and downy mildew, Botrytis and Alternaria,
Postia, Geotrichum, and Sclerotinia

Mycostop,
Verdera Oy,

Finland
Streptomyces K61 EU, Canada, USA Damping off caused by Alternaria and R. solani and

Fusarium, Phytophthora, and Pythium wilt and root diseases

Mykocide KIBC
Co. Ltd. South

Korea
S. colombiensis South Korea Powdery mildews, grey mold, brown patch

Safegrow KIBC
Co. Ltd. South

Korea
S. kasugaensis South Korea Sheath blight, large patch

Actofit, Astur S. avermitilis Ukraine Colorado potato beetle, web mites, other phytophags

Bactophil Streptomyces albus Ukraine Seed germination diseases

Bialaphos,
Toku-E, USA

S. hygroscopicus,
S. viridochromogenes USA Herbicide

Incide SP, Sri
Biotech

Laboratories
India Ltd., India

S. atrovirens India Insecticide

Actin, Sri Biotech
Laboratories

India Ltd., India
S. atrovirens India Fungicide

Table 4. List of active substances derived from Streptomyces spp. (in bold) and registered as commercial
products in different geographical areas (data collected and modified into a table from [193,203–205]).

Biocontrol Metabolite (Bold)
and Commercial Names

Organism Country Targeted Pathogen/Disease

Blasticidin-S
BLA-S S. griseochromogenes USA Rice blast (Pyricularia oryzae)

Kasugamycin
Kasumin, Kasurab S. kasugaensis Ukraine

Leaf spot in sugar beet and celery (Cercospora spp.) and
scab in pears and apples (Venturia spp.), soybean root rot
(Phytophthora sojae)

Streptomycin
Agrimycin, Paushak,

Cuprimicin 17, AAstrepto 17,
AS-50, Dustret, Cuprimic 100

and 500

S. griseus

India, USA,
New Zealand,

China,
Ukraine,
Canada

Bacterial rots, canker, and other bacterial diseases,
Xanthomonas oryzae, Xanthomonas citri, and Pseudomonas
tabaci of pome fruit, stone fruit, citrus, olives, vegetables,
potatoes, tobacco, cotton, and ornamentals
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Table 4. Cont.

Biocontrol Metabolite (Bold)
and Commercial Names

Organism Country Targeted Pathogen/Disease

Phytomycin
Mycoshield, Cuprimic 100 and

500, Mycoject
S. rimosus -

Fire blight (Erwinia amylovora) and diseases caused by
Pseudomonas and Xanthomonas sp. and mycoplasma-like
organisms

Validamycin
Validacin, Valimun,

Dantotsupadanvalida, Mycin
Hustler, Valida, Sheathmar

S. hygroscopicus -
Rhizoctonia solani and other Rhizoctonia in rice, potatoes,
vegetables, strawberries, tobacco, ginger, cotton, rice,
sugar beet, etc.

Polyoxorim
Endorse, PolyoxinZ, Stopit,

Polyoxin AL and Z, Polybelin
S. cacaoi var. asoensis -

Plant pathogenic fungi, Sphaerotheca spp. and other
powdery mildews, Botrytis cinerea, Sclerotinia sclerotiorum,
Corynespora melonis, Cochliobolus miyabeanus, Alternaria
alternate and other species in vines, apples, pears,
vegetables, and ornamentals. Rice sheath blight (R. solani),
apple, pear canker, and Helminthosporium in rice; also
inhibits cell wall biosynthesis and causes abnormal germ
tube swelling of spores and hyphal tips, rendering fungus
nonpathogenic

Natamycin
Delvolan

S. natalensis and
S. chattanoogensis - Basal rots on daffodils and ornamentals caused by

Fusarium oxysporum

Abamectin (Avermectins)
Agri-Meck Avid, Clinch,

Dynamec, Vertimec, Abacide,
Abamex, Vapcomic, Vibamec,

Agromec, Belpromec, Vamectin
1.8 EC, Vivid and many others

S. avermitilis
European

Union,
Worldwide

Mites, leaf miners, suckers, beetles, fire ants, and other
insects in ornamentals, cotton, citrus, pome and nut fruit,
vegetables

Polynactin
Mitecidin S. aureus Japan

Spider mites (Tetranychus cinnabarinus), two-spotted mite
(Tetranychus urticae), European red mite (Panonychus ulmi)
in orchard fruit trees

Milbemycine
Milbeknock, Koromite, Mesa,

Ultiflora and Matsuguard

S. hygroscopicus subsp.
aureolacrimosus - Citrus red mites, Kanzawa spider mites, and leaf miners in

citrus, tea, eggplant

Any formulation with an increased shelf life and a broad spectrum of actions, such as plant growth
promotion and/or disease suppression under field conditions, could open the way for technological
exploitation and marketing. Many reports suggest that commercial biocontrol agents are easy to
deliver, induce plant growth and stress resistance and, eventually, increase plant biomass and yield.
As very promising and rich sources of agro-active compounds and biocontrol tools, actinomycetes
have gained increasing interest in several agricultural sectors [206,207]. In fact, in the last 30 years,
about 60% of new insecticides and herbicides reported have originated from Streptomyces [206]; this is
because three-quarters of all Streptomyces spp. are able to produce some class of antibiotics [208]. As a
single example among many, we mention the production of polyoxin B and D by Streptomyces cacaoi
var. asoensis as a new class of natural fungicides [209]. Kasugamycin, registered in several countries
as a bactericidal and fungicidal agrochemical, was discovered in Streptomyces kasugaensis [210].
More recently, Siddique et al. [211] reported that avermectin B1b, a component of commercially
available abamectin, was obtained as a fermentation product of Streptomyces avermitilis, which has
frequently been used as an insecticidal agent. Very few Streptomyces-based commercial formulations
are available in the worldwide market, compared with products based on Streptomyces metabolites;
the former are mainly indicated for pest and disease control. Additionally, few products have been
specifically commercialized for plant growth promotion, although significant research has been carried
out on actinomycete production of growth-promoting substances [212]. One reason for this gap may
reside in the difficulty of preparing a commercial product formulation with one or more streptomycetes
as an active substance. Ideally, the industrial process used should not affect the bioproduct’s plant
growth-promoting activity and/or antimicrobial characteristics for 18–24 months.

In keeping with current quality and safety standards, ideal microbial biocontrol agents should be
univocally identified as a taxonomical unit; be effective against target plant pathogens or pests; show
no clinical or animal toxicity; should not persist in the agro-environment (included surface water),
having a short growing period, a level-off, and a final lining to the background microorganisms; and
should not transfer genetic material to other taxonomically related microorganisms. Therefore, the
antagonistic potential, environmental fate, and behavioural features of a putative microbial biocontrol
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agent must be thoroughly addressed by the industry to allow its registration as a bio-pesticide and
approval for use in plant protection. All this may hinder the transfer of an effective biocontrol agent
from the research lab into a commercially available product. Indeed, the BCB Manual of Biocontrol
Agents, 5th Edition, lists over 120 microorganisms with potential use in agriculture, 54 of which have
been approved in the EU for use in plant protection; however, only a few are commercially available.
A complex regulatory landscape must be navigated by applicants applying for authorization to release
a biocontrol agent. This is particularly true if the biocontrol agent is not indigenous [213,214].

Environmental risks associated with the inoculation of streptomycetes in agricultural
environments as organisms beneficial to plants are associated with the lack of available data concerning
the use of genetically modified organisms and their impact on the natural microbial communities [215].
In addition, the release of not genetically modified microbials may pose a risk related to the possible
horizontal transfer of entire or partial gene clusters; this might be particularly risky in the case
of antibiotic resistance. This was initially reported by Egan et al. [216] and later confirmed by
Egan et al. [217]. This risk might be minimized during the search and study of prospective microbial
inoculants, which should be accurately tested and characterized prior to their registration for the lack
of known antibiotic-resistant genes or gene clusters.

To ensure food security for an increasing worldwide human population, most agricultural systems
presently depend on the use of chemical fertilizers and pesticides [218]. Industrially produced
chemical fertilizers are rich in nitrogen, phosphorous, and potassium, the repeated use of which
leads to pollution of the soil, air, and groundwater [219]. Given these known problems, beneficial
agricultural microorganisms used as microbial inoculants will be an important focus in pursuing
sustainable agriculture and the provision of safe food without depleting natural resources in the
coming decades [220]. The application of these naturally occurring beneficial microorganisms to
soil ecosystems improves the soil’s physical–chemical properties, fitness and stability, and microbial
development along with promoting plant growth promotion and crop yield [221].

The microbial agents with the greatest agricultural prospects are rhizobacteria (as plant
growth promoters), nitrogen-fixing cyanobacteria, mycorrhizal fungi, bacterial antagonists to plant
pathogens, different biotic and abiotic stress-tolerance endophytes, and biodegrading bacteria [222,223].
Current registration and authorization procedures for microbe-based products to be used in agriculture
as “fertilizers” are much less demanding; several microbe-based products or microbial consortia are,
therefore, commercially available to farmers worldwide. Among them, a few contain streptomycetes
and other Actinomycetales. Examples include Micosat F® (CCS Aosta srl, Aosta, Italy), containing
three different Streptomyces spp.; Forge SP® (Blacksmith Bioscience, Spring, TX, USA), containing
Streptomyces nigrescens; and Mykorrhyza soluble 30G (Glückspilze, Innsbruck, Austria), containing
Streptomyces griseus and S. lydicus.

6. Formulations and Inoculation Methods

For any agro-pharma industry, the major challenge for the success or failure of a commercial
product developed from an experimentally efficient biocontrol agent is its “formulation.”
Formulations should include the novel microorganism(s) in a calibrated quantity as an active ingredient
and a set of other inert ingredients (frequently not specified in detail by the manufacturer) to produce a
commercial product suitable for use in field conditions. Commercial formulations should comply with
local and national legislation on agrochemicals (specifically legislation on microbial inoculants, where
applicable), as well as with growers’ requirements: repeated positive results, reasonable pricing, and
easy handling. With regard to these considerations, microbial inoculants have a major problem specific
to microorganisms: loss of viability during storage complicates the need for a long shelf life and stability
over a range of −5 to 30 ◦C, which are typical growers’ storage conditions [224]. Commercial microbial
formulations can be prepared and made available on the market in four types: powder, liquid
suspension, granules, and slurry [225,226]. The physical formulation of Streptomyces-based products
also indicates how these microbials should be inoculated in agricultural systems, prior or during
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cropping (Table 5). Different types of low-cost raw materials are used to prepare different types of
commercial formulations: peat, perlite, charcoal, vermicompost, inorganic soil fractions, and many
others [227].

Moreover, biocontrol agents may not show the same results in both in vitro and in vivo
experiments; this is regarded as the crucial challenge in the industrial development of bio-inoculants.
The efficacy of biocontrol agents, among them streptomycetes, is affected by soil organic matter, pH,
nutrient levels, and moisture level. Variations in agri-environmental conditions tend to affect the
results of biocontrol agents that perform well in vitro: an experimentally excellent biocontrol agent
might fail in greenhouse or field experiments. Thus, environmental variables should always be taken
into proper consideration when selecting an appropriate biocontrol agent for a precise location. Ideally,
the most active and prospective microbes should be isolated from the same agricultural area [228].

Additionally, any physical formulation, method, or procedure of inoculation (for example, soil,
seed, seedling, or vegetative part) should be thoroughly screened since each method may play an
important role in obtaining satisfactory results during field experiments [228,229]. For instance, in
inoculating soil with a biocontrol agent, microbes are mixed with soil or sowing furrows or are spread
in the field by dripping systems [230]. Seed inoculation methods commonly involve soaking seeds in
a suspension containing the selected biocontrol agent(s); alternatively, they are mixed with suitable
wetting agents [228–232]. The inoculation of vegetative parts is done by spraying a suspension of
the biocontrol agent to aerial parts of the plant or dipping the roots of seedlings into a microbial
suspension prior to transplantation [230,232]. Each method of microbial application may contribute
to achieving effective results in commercial agriculture (open field, nurseries, glasshouse production,
etc.) [228,233]. (Table 5).

Table 5. Technical formulations of a set of Streptomyces-based products available on international
markets, their indications of use, and their inoculation methods. The table has been prepared according
to the information given on the labels of the respective products.

Technical
Formulation

Commercial
Example

Microbial
Biocontrol
Agent(s)

Indications Inoculation Method

Granules (G) Micosat F UNO,
CCS Aosta Srl

Streptomyces sp.
strain SB14

Transplants mortality,
plant growth promoter

Soil application as dry
granules

Wettable
Granules

(WG)

Micosat F MO,
CCS Aosta Srl

Streptomyces spp.
strains SA51; SB14

and SL81

Soil bioremediation in
viticulture and

vegetable production

Soil application as
microbial suspension

in water

Wettable
Powder (WP)

Mykostop,
Verdera Oy

Streptomyces
griseoviridis strain

K61

Damping-off fungi,
Phytophthora spp.

Drip irrigation,
cutting/bulb soaking.

Soluble
Powder (SP)

Actinovate,
Novozymes
BioAg Inc.

Streptomyces lydicus
WYEC 108

Soilborne fungi,
powdery mildews,

gray moulds

Soil drench,
transplants root

dipping, foliar sprays,
bulb soaking.

Slurry (SE) - Streptomyces spp.
consortium

Bioremediation of
organic and inorganic

soil pollutants

Soil application as
diluted slurry

As described in previous chapters, most streptomycetes are soil inhabitants, commonly colonizing
the rhizosphere and frequently showing the ability to enter plants, thus efficiently colonizing plant
tissues as endophytes. Since pathogens necessarily require an endophytic state to initiate an infection,
a successful endophytic biocontrol agent, such as a selected Streptomyces sp., should be able to rapidly
move from the rhizosphere into the roots and/or other plant parts. Therefore, its antagonistic activity
may be both preventive (competitive exclusion of plant pathogens in the rhizosphere and in planta)
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and curative (killing plant pathogens post-infection). From the industrial point of view, the selection
and choice of prospective Streptomyces spp. as candidates for development and implementation of
innovative and sustainable biopesticides should necessarily consider that goal.

Industrial exploitation of research results is not necessarily easy. Most papers published
worldwide demonstrate the excellent biocontrol activity of streptomycetes during experiments in vitro
or, when in planta, under strictly standardized conditions. Frequently, no field research results
are presented to support the applicability of experimental data in commercial fields/greenhouses.
Clearly this is a weak point, hindering the commercial development of successful biopesticides.
Development is also hindered because the production of antimicrobial molecules by actinobacteria,
and particularly by streptomycetes, is strictly dependent on the substrate where they grow [234] and
on the natural microbial community around them.

7. Future Aspects and Challenges

Streptomyces spp. have great potential to become an essential constituent of modern agricultural
practice as biofertilizers and biocontrol agents, with the capacity to dominate agrimarkets in coming
decades. Actinomycetes, particularly abundant Streptomyces as filamentous spore-forming bacteria
with superior biocontrol and nutrient-cycling activity, are among the most promising PGPR to increase
overall soil health and boost agricultural productivity. Nevertheless, some unresolved problems need to
be addressed in order to reproduce results from the controlled laboratory environment into large-scale
field trials and commercial marketing. More focus is still needed to develop novel formulations
that could increase the shelf life of streptomycetes, thus ensuring their long-term viability, their
sporulation activity, and their efficacy as microbial-based agrochemicals. Additionally, the potential of
streptomycetes to control post-harvest bacterial and fungal diseases of fruits and vegetables is totally
unexplored. Further extensive studies on the complex Streptomyces–rhizosphere environment and the
mechanisms of PGP action are needed. Shedding light on the symbiotic association of Streptomyces with
other PGPR might lead to developing highly effective and efficient bioinoculants across different soil
types and environmental conditions. The knowledge of various aspects such as interactions between
rhizosphere PGPS and native microbiota and infection processes by endophytic PGPS are still not
sufficiently explained, even though many reports have indicated that PGPS can promote plant growth
by colonizing their host plants epiphytically and/or endophytically. Metagenomics and molecular
biology studies, such as tagging green fluorescent protein (GFP) markers to microorganisms, will be
necessary to understand the fate of PGPS microbial populations in plants, their endophytic distribution,
and their pattern of colonization. Much more focus is still needed to design and implement industrial
processes that are able to produce effective formulations with one or more microbial agents, using
different additives, carriers, and with various methods of field inoculations.

8. Conclusions

Many studies have been conducted on actinomycetes, highlighting the ability of these
microorganisms to promote plant growth and their additive/synergistic effects on plant growth
and protection. As the above discussion makes clear, actinomycetes, and especially Streptomyces as
helper bacteria, are truly prospective for use as plant coinoculants: this to improve plant–microbe
symbiosis in a way that could lead to an increased sustainable production of agriculture products
under diverse conditions. This promise is mainly based on the use of eco-friendly microorganisms
that control pests and improve plant growth. The use of biofertilizers, biopesticides, or consortiums of
plant beneficial microbes in correct formulations provides a potential solution for a more sustainable
agricultural future. The studies mentioned in this review support the belief that designing new
formulations with cooperative microbes might contribute to growth improvement and plant protection
of several crops. However, these studies also highlight the importance of continuing research on this
subject, especially focusing on actinomycetes, which up to now have been little used as inoculants to
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enhance agricultural production and ensuring food security, despite the excellent potential shown in a
large number of scientific publications so far.
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Abstract: Plant growth promoting endophytic bacteria (PGPB) isolated from Brassica napus were
inoculated in two cultivars of Helianthus tuberosus (VR and D19) growing on sand supplemented with
0.1 mM Cd or 1 mM Zn. Plant growth, concentrations of metals and thiobarbituric acid (TBA) reactive
compounds were determined. Colonization of roots of H. tuberosus D19 by Pseudomonas sp. 262
was evaluated using confocal laser scanning microscopy. Pseudomonas sp. 228, Serratia sp. 246
and Pseudomonas sp. 262 significantly enhanced growth of H. tuberosus D19 exposed to Cd
or Zn. Pseudomonas sp. 228 significantly increased Cd concentrations in roots. Serratia sp. 246,
and Pseudomonas sp. 256 and 228 resulted in significantly decreased contents of TBA reactive
compounds in roots of Zn exposed D19 plants. Growth improvement and decrease of metal-induced
stress were more pronounced in D19 than in VR. Pseudomonas sp. 262-green fluorescent protein (GFP)
colonized the root epidermis/exodermis and also inside root hairs, indicating that an endophytic
interaction was established. H. tuberosus D19 inoculated with Pseudomonas sp. 228, Serratia sp. 246
and Pseudomonas sp. 262 holds promise for sustainable biomass production in combination with
phytoremediation on Cd and Zn contaminated soils.

Keywords: metal contaminated soil; Helianthus tuberosus; phytoremediation; high biomass crop;
green fluorescent protein; plant growth promoting bacteria

1. Introduction

During the last two decades, the potential use of plants to remediate metal contaminated soils
has been intensively investigated. For application of phytotechnologies on metal contaminated
soils, and especially in the case of phytoextraction, metal availability, uptake and phytotoxicity
are the main limiting factors [1–5]. The interactions between plants and beneficial bacteria may
increase the efficiency of phytoextraction because of increased biomass, metal uptake and plant
tolerance to toxic metals [6–9]. Plant growth can be enhanced: (1) indirectly, by preventing growth
and activity of plant pathogens through the production of antibiotics or through competition
for space and nutrients [10]; and (2) directly, by increasing available nutrients through different
mechanisms such as nitrogen fixation [11], solubilization of minerals such as phosphorous
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and iron [12,13], and production of phytohormones (as IAA, indole-3-acetic acid) [14] and
1-aminocyclopropane-1-carboxylate (ACC) deaminase [15,16]. Metal and nutrient availability can be
enhanced by excreting organic acids that decrease pH in the rhizosphere or by enhancing the Fe(III)
mobility and other cations through production of siderophores [9,17,18]. Some microorganisms are
equipped with metal-resistance/sequestration systems that can contribute to metal detoxification [19].
Plant-associated bacteria can also adsorb metals by binding them to anionic functional groups or
to extracellular polymeric substances of the cell wall [20–22]. This leads to a reduced metal uptake
and translocation inside the plant, improving its growth through decreasing phytotoxicity [8,23].
In a previous study, we showed that bacterial strains isolated from a Zn contaminated soil increased
root length of Brassica napus seedlings in the presence of Cd and Zn under in vitro conditions [24].

Many studies have evaluated the interactions between plants and their associated bacteria for
the removal or stabilization of metals in contaminated soils [25]. In some cases, bacteria isolated from
metal tolerant plants promoted the growth of plants from different taxonomic groups [23,26–28] and
demonstrated high levels of colonization in plant species different from the original host. Several
studies have been performed under hydroponic conditions to evaluate the effects of bacteria on growth,
metal uptake and production of thiobarbituric acid (TBA) reactive compounds for different plants
and metals [29–31]. However, most studies tested the use of single inocula on the same plant species.
In the light of bacteria-stimulated phytoremediation, it is however important to assess the bacterial
colonization of more than one plant cultivar under different metal pollution contexts.

The strategy of bacterial inoculation is one of the most critical steps in phytotechnology
applications [32]. The colonization must be effective in order to achieve beneficial effects on plant growth
and metal uptake [33]. A profound knowledge about plant growth promoting endophytic bacteria
(PGPB) colonization routes and plant–bacteria interactions is essential to develop an effective method
of inoculation [34]. The use of fluorescent proteins in non-invasive microscopy is a well-established
and valuable tool in biology and biotechnology [35]. Labeling with enhanced green fluorescent protein
(EGFP) can be adopted to observe the colonization patterns of bacteria [36–38]. GFP has been described to
be a good marker for studying bacterial behavior in the rhizosphere and the endosphere [39,40]. Recently,
Ma et al. [3] pointed out that endophytes could be a more reliable source of natural biocenosis than
rhizobacteria because of their intimate association with plants, although their effects in phytotechnologies
still should be investigated more in depth.

Helianthus tuberosus L. (Asteraceae) is a high biomass crop used for bio-ethanol production.
It is vegetatively propagated by tubers [41] with low production costs and negligible pests and
disease problems [42,43]. Several studies have demonstrated the tolerance of this crop to metals
such as Cd, Pb and Zn [44–48]. All these characteristics make H. tuberosus a promising candidate for
phytoremediation of metal contaminated soils, as well as to produce renewable energy. Therefore,
the aim of this work was to evaluate the effects of PGPB strains, isolated from B. napus growing on
a metal contaminated soil, on growth, metal uptake and TBA reactive compounds, in two cultivars
of H. tuberosus (VR and D19) exposed to Cd and Zn. Of one particular interesting endophytic strain,
Pseudomonas sp. 262, the colonization of the roots of H. tuberosus was studied using confocal laser
scanning microscopy.

2. Results and Discussion

2.1. Plant Growth and Metal Uptake

Exposure to Cd and Zn significantly decreased the weight of H. tuberosus in comparison to
the non-exposed control plants (Figure 1). In particular, the shoot weight decreased by 57% and
the root weight by 67% when plants were exposed to 0.1 mM Cd; the reductions reached 70% and
50% in shoot and root weights in the case plants were grown in presence of 1 mM Zn. Some of the
inoculated bacterial strains significantly improved growth of metal exposed plants. In the presence
of Zn, inoculation of Pseudomonas sp. 228 significantly increased both shoot and root weights of the
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D19 cultivar, by 145% and 263% respectively (Figure 1). Serratia sp. 246 increased the shoot weight
of the VR cultivar under Zn exposure by 78%. In Cd exposed plants of the D19 cultivar, inoculation
of Pseudomonas sp. 262 and Serratia sp. 246 significantly increased the shoot weight by 68% and 46%,
respectively. These beneficial effects on weight are in line with earlier studies in which positive effects
of inoculation with PGPB on growth of plants exposed to metals were reported [49–51]. However,
these positive effects of the endophytes Pseudomonas sp. and Serratia sp. have been not described
before in a tuberous plant exposed to metals.

Figure 1. Dry weight (mg·plant−1) of the H. tuberosus cultivars VR and D19 after three weeks of growth
in presence of 1 mM Zn or 0.1 mM Cd. * Significant differences between inoculated and non-inoculated
after Tukey’s test, p < 0.05; mean values ± SE; n = 4.

In vitro, the inoculated bacterial strains demonstrated plant growth-promoting characteristics
like production of IAA, acetoin and ACC deaminase activity that can improve the growth of their
host plant (Table 1). Production of IAA and acetoin can stimulate root formation [52,53], and thereby
increase the nutrient absorption capacity of the plant. ACC deaminase activity can reduce the ethylene
levels generated due to stress, improving the growth of plants in presence of toxic concentrations of
metals [16]. It is important to mention that the endophytic bacterial strains that increased the growth
of H. tuberosus also increased the length of the roots of Brassica napus seedlings in vertical agar plates
containing toxic concentrations of Cd and Zn [24]. This suggests that these endophytes are beneficial
for plants from different families.
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Table 1. Metal tolerance and plant growth promoting (PGP) characteristics of selected bacterial strains
for inoculation in H. tuberosus under hydroponic conditions with Cd and Zn, modified from [24].

Comp. 1 Strain Identification Accesion Zn Cd Fe 0 μM
Fe 0.25
μM

OA ACC IAA Ace Psol N fix

Soil 222 Arthrobacter sp. KT461847+++ +++ − − ++ +++ − − − +
Root 228 Pseudomonas sp. KT461831 ++ ++ + + + ++ + − ++ −
Root 246 Serratia sp. KT461863+++ +++ + + ++ +++ ++ − − −
Root 256 Pseudomonas sp. KT461831+++ + + + - + ++ + +++ ++
Root 262 Pseudomonas sp. KT461831 + + ++ − + +++ ++ + − −

1 Compartment (Comp.), growth in the presence of Zn (1 mM) and Cd (0.8 mM), siderophores (Fe 0 μM and
Fe 0.25 μM), Organic acids (OA), ACC (ACC deaminase activity), IAA (indole-3-acetic acid), Ace (Acetoin),
phosphate solubilization (Psol), nitrogen fixation (N fix). + low, ++ medium, +++ high production, − absence
of production.

The bacterial inoculation also affected the metal concentrations in both cultivars of H. tuberosus
(Table 2). The Zn concentration significantly decreased in roots of the VR cultivar inoculated with
Pseudomonas sp. 228. No significant differences were found between inoculated and non-inoculated
plants of the D19 cultivar. In the case of Cd exposure, the effects were different. Inoculation
of Pseudomonas sp. 228 significantly increased the Cd concentration in roots of the D19 cultivar
in comparison to non-inoculated plants. In contrast, inoculation of Pseudomonas sp. 262 and
Arthrobacter sp. 222 decreased the Cd concentration in roots of the VR cultivar. Serratia sp. 246
and Pseudomonas sp. 262 also decreased the concentrations of Cd in the shoots of, respectively, the VR
and the D19 cultivar. In metal contaminated nutrient solutions, metals are almost entirely available to
plants. Therefore, the effects of the bacteria on the plant uptake could be masked because of the high
metal uptake that usually occurs in these cases. Wan et al. [30] did not observe significant differences in
Cd uptake by hydroponically grown Solanum nigrum after inoculation of Serratia nematodiphila LRE07
in the presence of high Cd concentrations. These authors concluded that the effect of the strain
was more significant at lower concentrations (10 μM of Cd). Moreover, the decreases in Cd and
Zn concentrations in inoculated plants could be due to the capacity of some bacteria to adsorb and
immobilize toxic ions from the solution through the production of extracellular polysaccharides and
proteins that can bind and precipitate metals [54]. It this way, bacteria can reduce the phytotoxic
effects of the metals improving the growth of the host plant [21,23,29]. Several authors have reported
such effect in different plant species and diverse growth conditions. Marques et al. [55] observed
that the Cd and Zn concentrations in roots of Helianthus annuus decreased after inoculation with
Chrysiobacterium humi, isolated from a Cd-Zn contaminated soil. They attributed this effect to the fact
that some bacteria can share the metal load with the plant, thereby decreasing the metal uptake in the
plant. Tripathi et al. [56] described that the growth of Phaseolus vulgaris improved after inoculation
of Pseudomonas putida KNP9 in a soil spiked with Cd and Pb. They suggested that the improved
growth was possibly due to a decreased metal uptake by the plant. Vivas et al. [22] reported that
the inoculation of Brevibacillus sp. alleviated the toxicity of Zn in Trifolium repens by reducing the
metal uptake by plants growing on a Zn contaminated soil. Inoculation with Serratia sp. MSMC541
decreased the metal translocation of Lupinus luteus when growing in a soil spiked with As, Cd, Pb and
Zn [57]. They concluded that this strain protects the plants against metal toxicity by reducing their
uptake and, in this way promoting plant growth. In our work, the weight of D19 plants increased in
presence of Pseudomonas sp. 228 under Zn exposure, and after addition of Pseudomonas sp. 262 and
Serratia sp. 246 in presence of Cd. In the case of the VR cultivar, the weight also increased in plants
inoculated with Serratia sp. 246 in presence of Zn. The concentration of metals tended to decrease in
roots of plants inoculated with Pseudomonas sp. 228 and Serratia sp. 246, although this decrease was
only significant in the case of the D19 cultivar, after inoculation with Pseudomonas sp. 262 in presence
of Cd. Taking this into account, our data support the hypothesis that bacteria have cultivar-dependent
and metal-specific effects on plant growth. Pseudomonas sp. 262 is a promising endophyte because it
can lower metal uptake in presence of Cd, decrease phytotoxicity, and improve plant growth.
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Table 2. Total metal concentrations (mg·kg−1 dry matter) in two cultivars of H. tuberosus grown in
absence (control) and in presence of 1 mM Zn or 0.1 mM Cd.

Treatments

VR D19

Zn

Aerial Root Aerial Root

Zn

Control 58 ± 14a 40 ± 10a 75 ± 23a 41 ± 5a
Non-inoculated 1533 ± 149b 4533 ± 945c 1097 ± 175b 3862 ± 1063bc
Serratia sp. 246 1155 ± 23b 4195 ± 355bc 1283 ± 207b 3455 ± 1767b

Pseudomonas sp. 256 1349 ± 183b 4368 ± 442bc 1554 ± 299b 3484 ± 651b
Pseudomonas sp. 228 975 ± 154b 2237 ± 368b 1317 ± 177b 3504 ± 1167b

Cd

Cd

Control 0.43 ± 0.09a 1.2 ± 0.2a 0.6 ± 0.1a 0.5 ± 0.2a
Non-inoculated 152 ± 10c 1118 ± 177def 106 ± 44bc 889 ± 196cde

Arthrobacter sp. 222 83 ± 6bc 492 ± 85bc 58 ± 8b 631 ± 140bc
Pseudomonas sp. 228 112 ± 23bc 1250 ± 320ef 106 ± 18bc 1365 ± 145f

Serratia sp. 246 24 ± 4b 908 ± 314cde 129 ± 45c 798 ± 65bcd
Pseudomonas sp. 262 145 ± 29c 487 ± 57bc 81 ± 5bc 383 ± 107b

Different letters represent significant differences per column, cultivar and metal after Tukey’s test, p < 0.05; mean
values ± SE; n = 4.

2.2. Nutrient Status

In general, inoculation of bacterial strains did not have clear effects on the nutrient concentrations
in both cultivars (Tables S1–S4). Macronutrients as Na and Ca were significantly lower in roots of,
respectively, VR and D19 plants when plants were inoculated with Serratia sp. 246, Pseudomonas sp. 228
and 256 in presence of 1 mM of Zn (Table S1). In the case of exposure of the plants to 0.1 mM Cd,
inoculation of Arthrobacter sp. 222, Serratia sp. 246, Pseudomonas sp. 228 and 262 led to lower K
concentrations in shoots of the VR cultivar (Table S2).

Micronutrient concentrations changed in some cases after bacterial inoculation. When plants were
grown in the presence of Zn, inoculation of Serratia sp. 246, Pseudomonas sp. 228 and 256 significantly
decreased the Cu and Fe concentrations in roots of respectively the VR and D19 cultivars (Table S3).
The concentrations of Cu in roots of Cd exposed plants of the VR cultivar were also lower after
inoculation with Arthrobacter sp. 222, Serratia sp. 246 and Pseudomonas sp. 262 (Table S4). However,
Serratia sp. 246 increased the Fe content in the shoots of the VR cultivar in presence of Zn (Table S3).
The latter strain also increased the weight of VR plants exposed to Zn.

The lower Cu and Fe concentrations in roots of both cultivars when inoculated with
Serratia sp. 246 and Pseudomonas (262 and 256) can be due to the above-mentioned bacterial mechanisms
of metal sequestration and/or biosorption. Microorganisms indeed have developed complex
mechanisms of metal resistance that can affect the availability of metals and nutrients [58,59]. PGPB can
sequestrate elements through extracellular production of polysaccharides, by fixing elements such as
Fe or Cu on the membrane or cell wall or they can precipitate them in the form of hydroxides or other
insoluble metal salts [23,60,61]. Bacterial surfaces hold polar functional groups that can interact with
cations [62]. In our work, the excess of Cd and Zn might induce the bacterial mechanisms of metal
resistance that lower the availability of metals and also the solubility of other nutrients that might be
precipitated on the cell surface.

The synthesis of siderophores is stimulated in presence of toxic metals in order to supply
the appropriate amounts of ions to the plant and diminish the phytotoxicity symptoms [17,29].
This PGP characteristic plays an important role under soil conditions in which the nutrients are
mainly present for the plants in unavailable chemical forms. Therefore, it can be expected that, under
the growth conditions used in this study (sand moistened with half-strength Hoagland whether or
not supplemented with Zn or Cd), the effects of the bacteria on nutrient uptake are less pronounced,
since Fe is supplied in an appropriate concentration with the nutrient solution. Thus, the differences
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observed in the nutrient concentrations in the plants might also be due to the imbalance of nutrients
generated by the presence of metals in the solution.

2.3. Lipid Peroxidation

TBA reactive compounds are produced as a result of peroxidation of membrane lipids.
This process is initiated by excess of free radicals in consequence of oxidative stress. Increased
levels of TBA reactive compounds are an indicator for physiological stress [63]. Many studies reported
that levels of TBA reactive compounds increased in plants exposed to toxic concentrations of metals
such as Cd, Zn, and Pb [64–67].

In the present work, exposure to 1 mM Zn and 0.1 mM Cd significantly increased the levels of
TBA reactive compounds in roots of both cultivars of H. tuberosus (Figure 2). No significant differences
in TBA-levels were found in leaves of metal-exposed plants compared to non-exposed plants. Nouairi
et al. [68] obtained similar results for leaves of Brassica juncea exposed to 50 μM Cd. According to
them, this result could be related with a tolerance mechanism of the plant to avoid oxidative stress
generated by the presence of metals in the leaves. A reduction of the concentrations of TBA reactive
compounds has been reported to result from increased activities of anti-oxidative enzymes, which
limit H2O2 levels and membrane damage [69].

Interestingly, the inoculation of Serratia sp. 246, Pseudomonas sp. 256 and 228 significantly
decreased the amounts of TBA reactive compounds in roots of the D19 cultivar grown in the presence
of Zn (Figure 2a). The roots of the VR cultivar also contained lower levels of TBA reactive compounds
when plants were inoculated with Pseudomonas sp. 228. In Cd exposed plants, no significant
differences in TBA reactive compounds were observed between inoculated and non-inoculated plants
(Figure 2b). Decreases of TBA reactive compounds after inoculation of PGPB were reported by several
authors in different plant species. Pandey et al. [31] described that inoculation of Ochrobactrum
strain CdSP9 lowered the content of TBA reactive compounds in hydroponically grown Oryza sativa
exposed to Cd. Wan et al. [30] also observed that the inoculation of Serratia nematodiphila LRE07
decreased the concentration of TBA reactive compounds in Solanum nigrum exposed to Cd under
hydroponic conditions.

(a) 

Figure 2. Cont.
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(b) 

Figure 2. Thiobarbituric acid reactive compounds (μM·g−1 fresh weight) in roots of H. tuberosus
cultivars VR and D19 after three weeks of exposure to: 1 mM of Zn (a); and 0.1 mM Cd (b). * Significant
differences between inoculated and non-inoculated after Tukey’s test, p < 0.05; mean values ± SE; n = 4.

These results suggest that the inoculated bacteria can assist metal exposed plants to keep the
oxidative stress under control. In the inoculated plants, the Zn concentrations tended to decrease
which could at least partially explain the lowering of TBA reactive compounds in inoculated plants.

2.4. Colonization of Enhanced Green Fluorescent Protein (EGFP): Tetracycline® Pseudomonas sp. 262 in the
Roots of H. tuberosus

Pseudomonas sp. 262 was able to grow in the presence of 0.8 mM Cd and showed in vitro the
capacity to produce siderophores (in absence of iron), organic acids, indole acetic acid, acetoin and
ACC deaminase (Table 1). Moreover, this bacterial strain increased the shoot weight of the D19 cultivar
of H. tuberosus exposed to 0.1 mM Cd. Taking this into account, Pseudomonas sp. 262 was selected to be
labeled with the EGFP: tetracycline® plasmid to study the bacterial colonization of the roots of the
H. tuberosus D19 cultivar.

Figure 3a demonstrates that the conjugation was effective, since Pseudomonas sp. 262 showed
fluorescence after blue light (488 nm) excitation, and was able to grow in presence of tetracycline
(20 μg·mL−1). In Figure 3b, EGFP-Pseudomonas sp. 262 can be seen as single cells attached to
the surfaces of root hairs. Two days after inoculation, bacterial cells were also found inside the
root hair which can be observed from the orthogonal plot (Figure 3c). These results support that
Pseudomonas sp. 262 is an endophytic strain.

Ma et al. [70] reported that another Pseudomonas sp. A3R3 isolated from roots of Alyssum
serpyllifolium showed a high level of colonization in root and shoot interior of Brassica juncea.
He et al. [27] also observed that Rahnella sp. JN6, originally isolated from Polygonum pubescens,
could colonize the root, stem and leaf tissues of Brassica napus. Rahnella aquatilis SPb, an endophytic
bacterial strain from Ipomoea batatas was inoculated in hybrid poplar and increased the growth of the
cuttings in comparison with non-inoculated conditions, illustrating the beneficial effects of the strains
in growth of another plant species not related with the initial host plant [71].
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Figure 3. Confocal images of EGFP-labeled Pseudomonas sp. 262 colonising the root hairs of
one-week-old seedlings of H. tuberosus D19 cultivar: (a) solution with EGFP-labeled Pseudomonas sp.
strain 262 with blue light (488 nm) excitation; (b) single cells attached to a root hair; and (c) ortho-image
of the root hair, showing bacterial cells (green) inside plant cells (in blue).

In our study, the EGFP-labeled bacterial strain was found in the root interior of H. tuberosus in the
studied conditions. Since the inoculated bacterial cells were also found attached to the root hair surface,
we suggest this one of the entry routes of the bacterial cells to the plant. Moreover, after inoculation of
this strain, the growth of the H. tuberosus D19 cultivar improved significantly when exposed to Cd.
This beneficial effect on plant growth, together with the visualization of the bacteria on the root hair
surfaces and inside roots, indicates that a beneficial plant–microbe interaction was established.

3. Materials and Methods

3.1. Plant Material

Tubers of two cultivars of H. tuberosus (Violet de Rennes abbreviated as VR, and Blanc Précoce
commonly named D19) were collected in spring in the field collection of IMIDRA (Instituto Madrileño
de Investigación y Desarrollo Rural, Agrario y Alimentario; Madrid, Spain) to perform the experiments.
The tubers were kept during two weeks at 4 ◦C for vernalization. After this period and before starting
the experiments, the tubers were vigorously washed in tap water to remove the adhered soil.

3.2. PGPB Strains

Cultivable bacteria were isolated from soil, rhizosphere and plant-endosphere of Brassica napus
growing on a Zn-contaminated site in Belgium [24]. Based on their PGP characteristics (Table 1),
3 Zn-tolerant strains (Serratia sp. strain 246, Pseudomonas sp. strain 228, and Pseudomonas sp. strain 256)
and 4 Cd-tolerant strains (Arthrobacter sp. strain 222, Pseudomonas sp. strain 228, Pseudomonas sp. strain 262,
and Serratia sp. strain 246) were selected to inoculate H. tuberosus. Serratia sp. strain 246 and Pseudomonas sp.
strain 228 were inoculated in the presence of Zn and Cd because both strains showed high tolerance to grow
with both metals. The strains were grown in 869 liquid medium [72] at 30 ◦C under shaking conditions.

3.3. Inoculation of PGPB Strains in H. tuberosus

Tuber slices with buds were incubated in 1 L plastic pots filled with moist quartz sand that were
placed in a growth chamber at 25/12 ◦C, 14/12 h of photoperiod. The following conditions were
established after one week of growth: (i) control plants grown in sand without metal and bacteria;
(ii) non-inoculated, metal-exposed plants grown in the presence of metals (Cd or Zn), but without
bacteria; (iii) plants inoculated with bacterial strains (Arthrobacter sp. 222, Pseudomonas sp. 228, 262
and Serratia sp. 246) and grown in presence of Cd; and (iv) plants inoculated with bacterial strains
(Pseudomonas sp. 228, 256 and Serratia sp. 246) and grown in presence of Zn.

Half strength modified Hoagland’s solution (1 mM Ca (NO3)2·4H2O, 1.5 mM KNO3, 0.5 mM
NH4H2PO4, 0.25 mM MgSO4·7H2O, 1 μM MnSO4·H2O, 12.5 μM H3BO3, 0.25 μM (NH4)6Mo7O4,
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0.05 μM CuSO4·5H2O, 1 μM ZnSO4·7H2O, 10 μM NaFeIII-EDTA, and demineralized water buffered
with 1 mM of 2-(N-morpholino) ethanesulfonic acid, at pH 5.5 ± 0.5) was added to the sand until
saturation. Metal exposures were performed by adding 0.1 mM of Cd (added as CdSO4·8H2O) or 1 mM
of Zn (added as ZnSO4·7H2O) to the nutrient solution. Plants were watered every two days with the
nutrient solution supplemented with metals. The metal concentrations used in this experiment were
chosen based on a former study [73]. Two plants were put per pot with four independent replicates
per treatment. The bacterial suspension (108 cfu·mL−1) in buffer (10 mM MgSO4) was added into the
pots. Buffer (10 mM MgSO4) without bacteria was added to the controls. After 3 weeks of growth,
plants were harvested.

3.4. Plant Analysis

After harvest, the roots were rinsed in 10 mM sodium ethylenediaminetetraacetic acid (Na2EDTA)
to remove the adhering metal-containing particles, and subsequently washed in distilled water. Plants
were subdivided into leaves, stems and roots, weighed and dried in a forced air oven for 48 h at 60 ◦C
to determine the dry weights. Subsequently, the dried tissues were individually ground and digested
(30 mg) according to [47]. Total concentrations of metals and macro/micronutrients were determined
by flame atomic absorption spectrometry (Fast Sequential Model AA240FS, Varian, Santa Clara,
CA, USA). The quality of the digestion and analytical methods was verified by including blanks and
certified reference materials (NCS DC73348 Brush Branches and Leaves, China National Analysis
Center for Iron and Steel, and CTA-VTL-2 Virginia Tobacco Leaves, Polish Academy of Sciences and
Institute of Nuclear Chemistry and Technology) with every set of samples. The recovery percentages
for metals were: Cd (~95%) and Zn (~101%).

The membrane lipid peroxidation in the plant tissues was estimated in terms of the content
of thiobarbituric acid reactive (TBA) compounds according to the method of [74], modified by [75].
The calibration curve was carried out with every set of samples, using 1,1,3,3-Tetraethoxypropane
(TEP) as precursor of malondialdehyde (MDA). Absorbances were determined with a UV–Vis light
spectrophotometer (Thermo Spectronic Helios Alpha, Thermo Fisher Scientific, Madison, WI, USA).

3.5. Evaluation of the Colonization Process: Localization of Inoculated EGFP Labeled Pseudomonas sp. 262

3.5.1. Bacterial Strains and Growth Conditions

The receptor, Pseudomonas sp. 262 was grown in 284 minimal medium [76] supplemented with
0.4 mM of Cd (added as CdSO4·8H2O) at 30 ◦C. The donor, Escherichia coli strain dH5a, carrying the
EGFP pMP4655 plasmid, was grown in 869 medium [72] supplemented with 20 μg·mL−1 tetracycline
at 30 ◦C. The helper, E. coli strain dH5a, carrying the pRK2013 plasmid, was grown in 869 medium
at 30 ◦C. Donor and helper were constructed in the Institute of Biology Leiden, Leiden University
(The Netherlands) [39].

3.5.2. Introduction of the EGFP: Tetracycline into Pseudomonas sp. 262

Triparental mating was carried out to label Pseudomonas sp. 262 with the EGFP: tetracycline®plasmid.
The strains were grown in 869 medium at 30 ◦C under shaking conditions. Growth curves were obtained
by diluting an overnight culture in order to verify the time needed to reach the appropriate optical
density (OD) for conjugation (donor and helper OD 0.3–0.4, and receptor OD 0.7). The OD was measured
at 660 nm every 30 min using a Visible Diode Array Spectrophotometer, Novaspec Plus, Amersham
Biosciences, Piscataway, New York, United States. Once the appropriate OD was reached, the bacterial
strains were centrifuged at 3000 rpm during 10 min, and then added to the mating filter in a Petri dish with
869 medium. After the conjugation, 284 minimal medium supplemented with 0.4 mM of Cd (added as
CdSO4·8H2O) and tetracycline (20 μg·mL−1) was used to isolate the receptor labeled strains. Fluorescence
of the strains was checked using a Nikon 80i fluorescence microscope (High-pressure Mercury Lamp;
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Excitation filters: 465–495 nm, dichroic mirror 505 nm, emission filter 515–555 nm. Objectives used:
40×/0.95 Air Plan Apo WD 0.14 mm and 100×/1.25 Oil Plan Apo WD 0.17 mm).

3.5.3. Inoculation of EGFP Pseudomonas sp. 262 on Roots of H. tuberosus

Tuber slices with buds of H. tuberosus cultivar D19 were grown on coarse perlite moistened with
a half strength modified Hoagland’s solution (see above) under greenhouse conditions (25–30 ◦C
temperature and 70–90% relative humidity). The bacterial suspension (108 cfu·mL−1) was added to
the pots (0.2 L) after appearance of the first roots (at 5 days). Four repetitions were used.

3.5.4. Confocal Laser Scanning Microscopy

After 48 h of incubation, one-week-old plant roots were washed to remove weakly adhered
bacterial cells and, subsequently, intact root preparations (at 25 ◦C) were observed with a Zeiss
LSM510 confocal laser scanning microscope (Carl Zeiss, Jena, Germany) mounted on an Axiovert
200M. The objective used was 40×/1.1 water immersion (Zeiss LD C-Apochomat 40×/1.1 WKorr
UV–VIS-IR, Carl Zeiss).

Excitation was performed at 488 nm using an Argon laser source. Backward GFP signal was
filtered using a 500–550 nm band pass filter. Images were edited using the software Zen 2009 Light
Edition (Carl Zeiss MicroImaging GmbH, Jena, Germany).

3.6. Statistical Analysis

Statistical analysis of data was performed using the IBM SPSS Statistics 19.0 software (Armonk,
NY, USA). Two-way analysis of variance (ANOVA) and Tukey’s test were applied. Differences at
p < 0.05 levels were considered significant.

4. Conclusions

The effects of the bacterial strains on the growth of H. tuberosus differed in function of the
metal, the inoculated bacterial strain and the plant cultivar. The improvement of growth and the
decrease of the metal-induced stress were more pronounced in the D19 cultivar than in the VR
cultivar. Three endophytes of Brassica napus enhanced the growth of the D19 cultivar exposed Cd
or Zn. Only Pseudomonas sp. 228 increased Cd uptake. Using confocal microscopy, we observed
that, two days after inoculation, EGFP-labeled Pseudomonas sp. 262 colonized the root surface and
interior of H. tuberosus. In combination with the growth promotion that was observed after inoculation,
this demonstrates an established plant–microbe interaction. Therefore, use of the D19 cultivar in
combination with Pseudomonas sp. 228, Serratia sp. 246 and Pseudomonas sp. 262 holds promise for
application in phytoremediation strategies on Cd-Zn contaminated soils.
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Abstract: Water retaining agent (WRA) is widely used for soil erosion control and agricultural
water saving. Here, we evaluated the effects of the combination of beneficial soil bacterium
Bacillus amyloliquefaciens strain GB03 and WRA (the compound is super absorbent hydrogels)
on drought tolerance of perennial ryegrass (Lolium perenne L.). Seedlings were subjected to
natural drought for maximum 20 days by stopping watering and then rewatered for seven days.
Plant survival rate, biomass, photosynthesis, water status and leaf cell membrane integrity were
measured. The results showed that under severe drought stress (20-day natural drought), compared
to control, GB03, WRA and GB03+WRA all significantly improved shoot fresh weight, dry weight,
relative water content (RWC) and chlorophyll content and decreased leaf relative electric conductivity
(REC) and leaf malondialdehyde (MDA) content; GB03+WRA significantly enhanced chlorophyll
content compared to control and other two treatments. Seven days after rewatering, GB03, WRA and
GB03+WRA all significantly enhanced plant survival rate, biomass, RWC and maintained chlorophyll
content compared to control; GB03+WRA significantly enhanced plant survival rate, biomass and
chlorophyll content compared to control and other two treatments. The results established that
GB03 together with water retaining agent promotes ryegrass growth under drought conditions by
improving survival rate and maintaining chlorophyll content.

Keywords: Bacillus amyloliquefaciens; perennial ryegrass; water retaining agent; synergistic effects;
drought tolerance

1. Introduction

Drought as one of the major abiotic stresses has been weighing heavily against the agricultural
productivity worldwide [1,2], since most of crops and forage plants grown to feed the global population
are highly sensitive to drought [3]. Drought also induces severe desertification, with a progressive
reduction of the vegetation cover coupled with rapid soil erosion in arid and semi-arid climatic
regions [4,5]. Drought affects water potential and turgor in plants, resulting in the changes of
physiological and morphological traits. Fresh weight and relative water content are two parameters
commonly adopted to measure the impact of drought stress on plant growth [6]. Drought decreases
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plant chlorophyll content, which is directly related to photosynthesis rate [7]. Drought is also
known to increase the reactive oxygen species (ROS) in plant cells, which are well recognized for
lipid peroxidation and cell membrane deterioration, resulting in secondary oxidative stress [8,9].
Among various impacts of drought stress on plant growth, nutrient and water availability are mainly
discussed [10,11].

Plant growth promoting rhizobacteria (PGPRs) are microorganisms associated with plant roots
and can confer beneficial effects on the host plants [12]. Early research reported that the PGPR
Paenibacillus polymyxa enhanced drought tolerance of Arabidopsis thaliana [13]. Bacillus amyloliquefaciens
had been applied to several commercial crops and shown the remarkable effects on the increase in plant
growth, disease resistance as well as salt and drought tolerance [14–16]. B. amyloliquefaciens strain GB03
enhanced growth and abiotic stress tolerance in Arabidopsis by emitting a complex blend of volatile
organic compounds (VOCs) [17–21]. These VOCs activated differential expression of approximately
600 transcripts including genes related to cell wall modifications, primary and secondary metabolism,
hormone regulation and stress response [19]. Recent studies reported that GB03 also promoted
growth and salt tolerance in wheat (Triticum aestivum) [22], white clover (Trifolium repens L.) [23]
and a halophytic grass Puccinellia tenuiflora [24].

Super absorbent hydrogels used as water retaining agents (WRA) in agriculture were formed from
highly hydrophilic cross-linked polymers, which possess high water absorption capacity [25]. It was
found that the hydrogels can mitigate soil erosion by reducing sediment and nutrient losses [26–28].
The hydrogels can also absorb water and nutrients and subsequently release them gradually [29–31].
In addition, Sojka et al. found that hydrogel promoted soil colonization of microorganism, including
bacteria and mycorrhiza [32]. It increases the plant available water in the soil, which prolongs plant
survival time under drought stress [33–36]. Hayat et al. proved that the administration of WRA
induced substantial changes in soil physical properties by increasing saturation percentage while
decreasing particle density and bulk density, so as to promote crop productivity [37].

Perennial ryegrass (Lolium perenne L.) is an important grass species for pasture, forage and turf in
the world [38]. This cool-season grass species is native to Northern Europe, Asia and Africa and widely
distributed in many temperate regions all over the world [39]. It has good turf quality with quick
establishment [40]. Like many other turf grasses, however, it is also a drought sensitive species [41].

Although either B. amyloliquefaciens GB03 or WRA can enhance the plant performance under
drought conditions, the combination effects of both of them have not been reported to date.
The objective of this research was to investigate the synergistic effects of the beneficial soil bacterium
strain Bacillus amyloliquefaciens GB03 and water retaining agent on drought tolerance of perennial
ryegrass. Plants were subjected to drought treatments by stopping watering for 20 days. Plant survival
rate and parameters related to plant biomass, photosynthesis, water status and leaf cell membrane
integrity were assessed.

2. Results

2.1. B. amyloliquefaciens GB03 and WRA Promoted Ryegrass Growth under Drought Condition

Table 1 showed that the soil water contents of WRA and GB03+WRA treatments were higher
than those of control and GB03 treatment. GB03 and WRA significantly increased leaf growth and
plant density of ryegrass compared to control during all phases (p < 0.05) (Figure 1). No significant
difference was observed among all treatments for 20-day-old (before drought treatment, BT) and
10-day natural drought seedlings. However, after 20 days natural drought and then seven days after
rewatering, seedlings treated with GB03+WRA grew well and exhibited the highest survival rate
(approximately 94%), compared with those treated with WRA (76%) that was significantly higher than
that of seedlings treated with GB03 (55%) or control (10%) (Figure 2).
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Table 1. Soil water content after 20 days of natural drought. Values are means with SEs (n = 12).
Different letters indicate significant differences among treatments at p < 0.05 (ANOVA and Duncan’s
multiple range test).

Treatments Control GB03 WRA GB03+WRA

Soil water content (mg/g·DW) 37.7 ± 3.9 b 33.3 ± 04.7 b 61.8 ± 2.0 a 62.4 ± 5.9 a

 

Figure 1. Ryegrass growth status of different treatments in four vegetation phases. From left to
right: control, GB03, WRA and GB03+WRA treatments; from top to bottom: 20-day-old seedlings
(before treatment, BT), 10-day natural drought (10DD), 20-day natural drought (20DD) and 7 days after
rewatering (7DR).

Figure 2. The survival rate of ryegrass seedlings with 20 days natural drought and then seven days
after rewatering. Values are means and bars indicate standard errors (SEs) (n = 12). Columns with
different letters indicate significant differences among treatments at p < 0.05 (ANOVA and Duncan’s
post-hoc multiple comparison test).

After growing for 20 days (BT), GB03 and WRA significantly enhanced shoot fresh weight by 96.3%
and 59.7% compared to control, respectively; moreover, the shoot fresh weight of GB03+WRA treatment
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was 116% and 35.0% significantly higher than that of control and WRA treatment, respectively
(Figure 3A). After 10-days of drought treatment, three treatments (GB03, WRA and GB03+WRA)
had significantly 28.5%, 32.8%, and 38.6% higher fresh weight than control, respectively. Drought stress
triggered significant decreases in shoot fresh weight when seedlings were withheld water for 20 days:
all treatments (control, GB03, WRA and GB03+WRA, respectively) decreased by 77.8%, 65.1%, 35.3%
and 34.2%. However, in this phase, the fresh weights of GB03 and WRA treatments were significantly
1.02-fold and 2.87-fold higher than that of control, respectively; GB03+WRA treatment was 1.04-fold
and 3.11-fold significantly higher in shoot fresh weight than GB03 treatment and control, respectively.
Seven days after rewatering, shoot fresh weights for all treatments (except for control) increased
significantly than that in 20-day drought. In this phase, three treatments (GB03, WRA and GB03+WRA)
were significantly 5.20-fold, 6.52-fold and 8.14-fold higher in fresh weight than control, respectively;
the shoot fresh weight in GB03+WRA and WRA treatments were 47.4% and 21.3% significantly higher
than that in GB03 treatment, respectively, and GB03+WRA increased shoot fresh weight significantly
compared to control and other two treatments (Figure 3A).
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Figure 3. Effects of GB03, water retaining agent (WRA), or the combination of GB03+WRA on shoot
fresh weight (FW) (A) and dry weight (DW) (B) of ryegrass. BT, before treatment (20-day-old seedling);
10DD, 10-day natural drought; 20DD, 20-day natural drought; 7DR, 7 days after rewatering. Values are
means and bars indicate SEs (n = 12). Columns with different letters indicate significant differences
among treatments at p < 0.05 (ANOVA and Duncan’s post-hoc multiple comparison test).

Three treatments (GB03, WRA and GB03+WRA) significantly increased shoot dry weight by 68.7%,
44.5% and 74.7% compared to control, respectively, after growing for 20 days (Figure 3B). After 10-day
drought, WRA and GB03+WRA treatments increased shoot dry weight significantly by 26.8% and
48.2%, respectively, compared to control. After 10-day drought, three treatments (GB03, WRA and
GB03+WRA) were significantly 31.5%, 60.5% and 70.9% higher in dry weight than control, respectively.
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Seven days after rewatering, WRA and GB03+WRA treatments increased shoot dry weight significantly
by 20.1% and 36.4%, respectively, compared to those in 20-day drought treatment. In this phase,
three treatments (GB03, WRA and GB03+WRA) were significantly 0.72-fold, 1.13-fold and 1.57-fold
higher in shoot dry weight, respectively, compared to control, and GB03+WRA increased shoot dry
weight significantly compared to control and other two treatments (Figure 3B).

2.2. GB03 and WRA Maintained the Relative Water Content (RWC) under Drought Condition

To probe the plant water status, RWC was assayed in ryegrass leaves. As shown in plant
biomass (shoot fresh weight and dry weight), 10-day drought treatment was tolerable for ryegrass
with all treatments no significant difference in RWC. After stopping watering for 20 days, all
treatments decreased RWC significantly by 56.7%, 36.6%, 27.4% and 20.0%, respectively, compared
to those in 10-day drought; the three treatments (GB03, WRA and GB03+WRA) were 51.4%, 74.8%
and 95.5% significantly higher in RWC, respectively, compared to control; GB03+WRA treatment
was also 29.1% significantly higher than GB03 treatment, indicating that GB03 and WRA together
could effectively maintain the RWC in ryegrass. Seven days after rewatering, three treatments
(GB03, WRA and GB03+WRA) were significantly 1.19-, 1.15- and 1.27-folds higher than control in
RWC, respectively (Figure 4).
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Figure 4. Effects of GB03, water retaining agent (WRA), or the combination of GB03+WRA on leaf
relative water content (RWC) of ryegrass. BT, before treatment (20-day-old seedling); 10DD, 10-day
natural drought; 20DD, 20-day natural drought; 7DR, 7 days after rewatering. Values are means
and bars indicate SEs (n = 12). Columns with different letters indicate significant differences among
treatments at p < 0.05 (ANOVA and Duncan’s post-hoc multiple comparison test).

2.3. GB03 and WRA Maintained Chlorophyll Content

After growing for 20 days (BT), chlorophyll content for GB03 and GB03+WRA treatments
was 15.1% and 24.8% significantly higher than that in control, respectively; chlorophyll content
in GB03+WRA was significantly 14.1% higher than that in WRA. After 10-day drought treatment,
chlorophyll content was 38.8%, 31.4% and 50.8% significantly higher in GB03, WRA and GB03+WRA
treatments than in control, respectively (Figure 5). After 20-day drought treatment, the chlorophyll
content in WRA was 21.4% significantly lower than that in GB03+WRA, however, seedlings with GB03
treatment and control became too wilt and chlorophyll content was unmeasurable. Seven days after
rewatering, the chlorophyll content in all three treatments returned to the BT level, while that in control
was still beyond measurement. The chlorophyll content in GB03+WRA treatment was 17.1% and 11.7%
significantly higher than those in GB03 and WRA treatments, respectively. Therefore, WRA together
with GB03 effectively maintained ryegrass chlorophyll content, especially when seedlings were under
severe drought stress (20-day drought) (Figure 5).
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Figure 5. Effects of GB03, water retaining agent (WRA), or the combination of GB03+WRA on leaf
chlorophyll content of ryegrass. BT, before treatment (20-day-old seedling); 10DD, 10-day natural
drought; 20DD, 20-day natural drought; 7DR, 7 days after rewatering. Values are means and bars
indicate SEs (n = 12). Columns with different letters indicate significant differences among treatments
at p < 0.05 (ANOVA and Duncan’s post-hoc multiple comparison test).

2.4. GB03 and WRA Reduced Relative Electric Conductivity (REC) and MDA Content under Drought Stress

After stopping watering for 20 days, a significant increase in REC was observed compared to
10 days of drought in control and three treatments; REC in control increased drastically by 6.80-fold.
However, GB03 and WRA helped seedlings to maintain relatively lower REC and reduced REC
significantly by 56.6% and 48.4% compared to control, respectively; moreover, REC in GB03+WRA
treatment was 62.1% significantly lower than that in control (Figure 6). These results suggested that
GB03 and WRA can ensured the relative low level of REC in ryegrass under severe drought conditions.
Seven days after rewatering, REC in WRA and GB03+WRA significantly decreased by 59.8% and 51.5%
compared to 20-day drought, respectively; and REC in GB03+WRA was significantly 48.2% lower than
GB03. While REC in control plants was beyond measurement (Figure 6).
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Figure 6. Effects of GB03, water retaining agent (WRA), or the combination of GB03+WRA on relative
electric conductivity (REC) of ryegrass. BT, before treatment (20-day-old seedling); 10DD, 10-day
natural drought; 20DD, 20-day natural drought; 7DR, 7 days after rewatering Values are means and
bars indicate SEs (n = 12). Columns with different letters indicate significant differences among
treatments at p < 0.05 (ANOVA and Duncan’s post-hoc multiple comparison test).

After 10-day drought, MDA contents were increased significantly by 90.9%, 57.5%, 57.0% and
65.3% compared with their corresponding BT levels. After 20-day drought, MDA content only in
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control plants was increased significantly by 1.07-fold compared to 10-day drought, whereas those in
the three treatments were still maintained the previous phase level; GB03+WRA treatments was 55.9%
significantly lower than control in MDA content (Figure 7).
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Figure 7. Effects of GB03, water retaining agent (WRA), or the combination of GB03+WRA on leaf
malondialdehyde (MDA) content of ryegrass. BT, before treatment (20-day-old seedling); 10DD, 10-day
natural drought; 20DD, 20-day natural drought; 7DR, 7 days after rewatering. Values are means
and bars indicate SEs (n = 12). Columns with different letters indicate significant differences among
treatments at p < 0.05 (ANOVA and Duncan’s post-hoc multiple comparison test).

3. Discussion

3.1. Synergistic Effects of GB03 and WRA on Plant Growth under Drought Condition

Considerable progress has been made in fathoming mechanisms underlying Bacillus-mediated
plant growth promotion and crop yield increase; these mechanisms include increased nutrient
availability, synthesizing plant hormones and the production of volatile organic compounds [15–20].
Plant growth promotion meditated by Bacillus amyloliquefaciens has been reported in many species
including Arabidopsis [15,20,42], maize (Zea mays L.) [43], tomato (Lycopersicon esculentum) [44], wheat
(Triticum aestivum) [22], white clover (Trifolium repens L. cultivar Huia) [23] and Puccinellia tenuiflora [24].
Gagné-Bourque et al. also proved that B. subtilis enhanced Brachypodium distachyon growth under
drought stress [45].

Consistent with the recent study of Galeş et al. [34], the soil moisture at the end of the drought
treatment showed that the WRA’s property in retaining the water and releasing it afterward (Table 1).
Because of this property, treatments amended with WRA in this study positively affected plant
growth and the more severe the drought was, the better they performed in comparison to controls
(Figures 1 and 2). Similar results for tomato and cucumber were reported by El-Hady and Wanas [46].
The property of WRA, however, is hard to evaluate due to its depending largely on temperature,
humidity, the particle size of hydrogel and the properties of the soil [47]. Interestingly, here we found
that the combined effect of GB03 and WRA on promoting plant growth was greater than that of
either of them.

3.2. GB03 and WRA Maintained Relatively Higher RWC Level in Ryegrass Leaves

As one of the best criteria for measuring the water status in plants, RWC indicates the water
metabolic activity in tissues as drought-resistant species usually have higher RWC in their leaves [48].
Hence, RWC could also be used as an ideal parameter to probe the PGPR-mediated plant drought
tolerance. Indeed, many researchers have reported that under drought stress, plants with PGPR
inoculation maintained higher RWC as compared to those without, suggesting that PGPR strains could
effectively prolong the plant survival under drought conditions [49–51]. In this work, GB03 effectively
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enhanced the RWC by 51.4% over control under severe drought treatment (20-day drought) (Figure 4),
which was consistent with previous research in sorghum [52]. Dodd et al. claimed that the increase
in RWC might be a consequence of changes of the sensitivity in stomatal closure [53]. Despite the
progress in the recent decade, the mechanisms behind increased RWC with PGPR treatment remain to
be elucidated. After stopping watering for 20 days, WRA also elevated the level of RWC in ryegrass
by 74.8% over control. This was understandable because WRA retained soil water available for plant.
GB03 together with WRA maintained relatively higher RWC level than GB03 or WRA in ryegrass
leaves although not significantly.

3.3. Synergistic Effects of GB03 and WRA in Ryegrass Leaf Chlorophyll Content under Severe
Drought Condition

Leaf chlorophyll content is also an important physiological parameter positively affecting plant
photosynthesis rate [7]. As one of the symptoms of photo-oxidation, drought-triggered decrease
in chlorophyll content has been observed in maize [54], sorghum [52] and white clover [23].
Zhang et al. found that GB03 increased photosynthetic capacity in Arabidopsis by raising photosystem
II photosynthetic activity and chlorophyll content [20]. In ryegrass, the increase and maintenance in
chlorophyll content by GB03 inoculation were observed under normal condition (BT) and moderate
drought condition (10-day drought) (Figure 5). It was observed that WRA enhanced chlorophyll
content in maize and soybean crop [33]. With the effect of WRA, the chlorophyll content in this study
maintained relatively high level even under severe drought stress (20-day drought). GB03 alone failed
to function under severe drought; however, the combination of t GB03 and WRA showed significantly
better effect than WRA alone (Figure 5).

3.4. GB03 and WRA Alleviated Cell Membrane Damage under Drought Conditions

Drought incurs oxidative stress in plants by increasing ROS that is able to effectively degrade
membrane lipids and to exacerbate lipid peroxidation [55,56]. The degradation of cell membrane
results in the increase of REC. Besides, with the increase of ROS, the content of MDA follows
rapidly. Thus the content of MDA has also been considered as a suitable index of oxidative
damage [50,57]. Vardharajula et al. reported Bacillus spp. HYD-B17 decreased REC in maize by
26.3% under drought conditions [50]. Similar results were reported by Sandhya et al. [49] and
Naveed et al. [51]. In the current study, GB03 and WRA reduced REC significantly in ryegrass under
severe drought stress (20-day drought) and prolonged the seedlings’ survivability (Figure 6). As for
using MDA as a marker to probe cell damage, Han et al. found GB03 significantly decreased the
MDA content in white clover under stress [23]. Here we found similar result in ryegrass under severe
drought stress (20-day drought); in addition, we also found that WRA together with GB03 decreased
MDA content to the same statistical level as GB03 inoculation and WRA treatments (Figure 7).

4. Materials and Methods

4.1. Bacterial Suspension Culture

Bacillus amyloliquefaciens strain GB03 (presented by Professor Paul W. Paré at Texas Tech University,
Lubbock, TX, USA) was streaked onto Luria broth (LB) agar plates and incubated at 28 ◦C in darkness
for 24 h. Bacterial cells were then transferred from LB agar plates to liquid LB medium and cultured
under 28 ◦C and 250 rpm to yield 109 colony forming units (CFU)/mL, as measured by optical density
and a series of dilutions [24,58].

4.2. Plant Growth and Treatments

Perennial ryegrass (Lolium perenne L. cv. Esquire) seeds (Beijing Top Green Seed Co., Ltd.,
Beijing, China) were surface sterilized with 2% NaClO (sodium hypochlorite) for 1 min followed
by 70% ethanol for 10 min, and rinsed by sterilized water five times. Seeds were then grown in
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pre-sterilized plastic pots (diameter 20 cm, depth 15 cm, 1.5 g seeds/pot with 12 replicates) filled
with 1800 g of heat-sterilized (95 ◦C, 48 h) vermiculite, sand and field top soil mixture with their
volume ratio of 1:1:1. Each pot was inoculated with 10 mL GB03 suspension culture or 10 mL liquid LB
medium. Then, half of each group of above two treatments was applied WRA (5 g/pot, the compound
is super absorbent hydrogels provided by Zhuhai Nongshen Biotechnology Co., Ltd., Zhuhai, China).
Thus, four treatments were set: control, GB03, WRA and GB03+WRA. Each treatment contained
12 replications (12 pots) and all 48 pots were daily rearranged to avoid any border effect or light
heterogeneity. Each pot was irrigated with tap water (250 mL) every 3 days until drought treatment
started. Plants were grown in greenhouse under 28 ◦C/23 ◦C (day/night), the photoperiod was 16/8 h
(light/dark) and the relative humidity was about 70%.

Twenty-day-old plants were subjected to drought stress by stopping watering for 20 days, and then
regular watering was continued. Seedlings were harvested on the 0th (BT), 10th and 20th day after
stopping watering and 7th day after rewatering for plant biomass and physiological measurements.
Soil samples were taken to measure soil moisture on the 20th day after stopping watering (Table 1).

4.3. Plant Survival Rate, Biomass and Physiological Measurements

The numbers of survived plants and dead plants in each pot were counted after 20 days natural
drought and then and survival rate (%) was calculated (n = 12).

Two plants from each of the 12 pots (12 replications) at each stage were sampled to measure
biomass and physiological indexes. Shoot fresh weight was measured at once after harvest.
Turgid weights of leaves were measured after they were soaked in distilled water in test tubes
at 4 ◦C overnight in the dark. Finally, shoots and leaves were dried in an oven under 80 ◦C for
48 h and weighed again to get shoot and leaf dry weight. Leaf relative water content (RWC) was
estimated according to the method described by Barrs and Weatherley [59] and then calculated using
the following equation, where FW represents the leaf fresh weight, TW the leaf turgid weight and DW
the leaf dry weight.

RWC (%) =
FW − DW
TW − DW

× 100

Total chlorophyll content was measured by using chlorophyll meter (SPAD 502, Konica Minolta
Sensing, Inc., Osaka, Japan).

Leaf relative electric conductivity (REC) was measured to estimate leaf cell membrane damage
using an electric conductivity meter (EC215, Hanna Corporation, Italy) as described by Peever and
Higgins [60] and Niu et al. [61] with slight modifications. REC (%) was calculated using the following
equation, where S1 and S2 refer to conductivity of ryegrass live leaves and boiled leaves, respectively.

REC (%) =
S1
S2

× 100

To probe leaf oxidative damage, the biomarker malondialdehyde (MDA) was extracted and
determined spectrophotometrically using a thiobarbituric acid (TBA) protocol [23]. Reagent kit was
supplied by Suzhou Comin Biotechnology Co., Ltd. (Suzhou, China) Absorbance was determined at 532
and 600 nm using a UV spectrophotometer (UV-2102C, Unico Instrument Co., Ltd., Shanghai, China).

4.4. Data Analysis

Results of the growth and physiological parameters were presented as means with standard errors
(n = 12). All the data were subjected to one-way analysis of variance (ANOVA) and Duncan’s post-hoc
multiple comparison tests were used to detect significant differences among means at a significance
level of p < 0.05 using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
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5. Conclusions

This study demonstrated that either GB03 or WRA promotes ryegrass survival and growth under
drought conditions by directly or indirectly maintaining survival rate, biomass, relative water content,
leaf chlorophyll content and cell membrane integrity. Furthermore, the synergistic effect of GB03
and WRA on drought tolerance promotion of ryegrass were greater than that of either of them by
improving survival rate, biomass and chlorophyll content. This work could be helpful to develop
a fresh and excellent approach for turf to cope with the challenge of global fresh water insufficiency.
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Abstract: Drought and soil salinity reduce agricultural output worldwide. Plant-growth-promoting
rhizobacteria (PGPR) can enhance plant growth and augment plant tolerance to biotic and abiotic
stresses. Haloxylon ammodendron, a C4 perennial succulent xerohalophyte shrub with excellent drought
and salt tolerance, is naturally distributed in the desert area of northwest China. In our previous
work, a bacterium strain numbered as M30-35 was isolated from the rhizosphere of H. ammodendron in
Tengger desert, Gansu province, northwest China. In current work, the effects of M30-35 inoculation
on salt tolerance of perennial ryegrass were evaluated and its genome was sequenced to identify genes
associated with plant growth promotion. Results showed that M30-35 significantly enhanced growth
and salt tolerance of perennial ryegrass by increasing shoot fresh and dry weights, chlorophyll
content, root volume, root activity, leaf catalase activity, soluble sugar and proline contents that
contributed to reduced osmotic potential, tissue K+ content and K+/Na+ ratio, while decreasing
malondialdehyde (MDA) content and relative electric conductivity (REC), especially under higher
salinity. The genome of M30-35 contains 4421 protein encoding genes, 12 rRNA, 63 tRNA-encoding
genes and four rRNA operons. M30-35 was initially classified as a new species in Pseudomonas and
named as Pseudomonas sp. M30-35. Thirty-four genes showing homology to genes associated with
PGPR traits and abiotic stress tolerance were identified in Pseudomonas sp. M30-35 genome, including
12 related to insoluble phosphorus solubilization, four to auxin biosynthesis, four to other process
of growth promotion, seven to oxidative stress alleviation, four to salt and drought tolerance and
three to cold and heat tolerance. Further study is needed to clarify the correlation between these
genes from M30-35 and the salt stress alleviation of inoculated plants under salt stress. Overall, our
research indicated that desert shrubs appear rich in PGPRs that can help important crops tolerate
abiotic stress.

Keywords: Haloxylon ammodendron; rhizobacteria; perennial ryegrass; salt tolerance; complete
genome sequence; Pseudomonas sp.

1. Introduction

Drought and soil salinity limit crop productivity worldwide [1,2]. Osmotic stress from high
salinity exposure triggers imbalance of ions, ion toxicity-induced metabolism imbalances and a series
of metabolic responses and water deficiency induced by osmotic stress in plants [3,4]. PGPR can help
plants tolerate abiotic stresses [5,6]. In the last decade, researchers reported that bacteria belonging
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to various genera including Rhizobium, Bacillus, Pseudomonas, Pantoea, Paenibacillus, Burkholderia,
Achromobacter, Azospirillum, Microbacterium, Methylobacterium, Variovorax, Enterobacter, etc. provided
tolerance to host plants under different abiotic stress environments [7–9]. These bacteria mediated
salt tolerance in plants through modulating of reactive oxygen species (ROS) scavenging enzyme
expression [10], altering the selectivity of Na+, K+, and Ca2+ and sustaining a higher K+/Na+ ratio in
plants [11]. Our previous work showed that Bacillus subtilis GB03 triggered upregulation of PtHKT1;5
and PtSOS1 but downregulation of PtHKT2;1 in roots reduced Na+ transport from root to shoot as
well as Na+ uptake in roots [12]; GB03 promoted growth in Codonopsis pilosula (Franch.) [13], drought
tolerance in ryegrass [14] and salt tolerance in wheat [15], white clover [16] and Codonopsis pilosula [17].

Among the many known PGPR genera, Pseudomonas has received much research attention
because it is widely distributed in various environments and is easy to culture under laboratory
conditions [18]. Pseudomonas can survive and prosper in a wide range of environments with many
strains isolated from various environments, such as soil [19], plant [20], straw [21], animal [22] and
fresh and saline water [23,24]. By now, 255 species with validly published names have been described
(http://www.bacterio.net). Pseudomonas is beneficial for plant growth promotion [25–28]. The use
of these beneficial microorganisms was considered as one of the most promising methods for safe
crop-management practices [29]. In order to further exploit the relevant genetic PGPR traits, complete
genome sequence technology of Pseudomonas was widely used and many species from the genus were
genetically studied [30–36]. Haloxylon ammodendron, a C4 perennial shrub, is a succulent xerohalophyte
that dominantly colonizes in arid areas. It is mainly distributed in Junggar Basin, northeast of Tarim
basin, Badan Jaran desert, Tengger desert and Ulanbuh desert, China, where the average annual
rainfall is around 100 mm, while the average annual evaporation is over 3500 mm [37].

Turfgrasses are increasingly subjected to soil salinity in many areas due to the accelerated soil
salinization and increasing effluent water use for irrigating turfgrass landscapes [38]. Perennial
ryegrass (Lolium perenne L.) is one of the most popular cool-season perennial grass species with high
yield and superior quality in temperate regions around the world [39,40]. Perennial ryegrass has good
turf quality such as dense root system, superior tillering, and regeneration ability [41]. However,
the salinity tolerance of perennial ryegrass is ranked as moderate for commercial cultivars [42].
Therefore, enhancing the perennial ryegrass to better counter salt stress is very essential for improving
its growth and production.

Therefore, exploring novel Pseudomonas strains is becoming more and more important.
Now that H. ammodendron can survive in harsh environmental conditions with strong roots, we

proposed that the root system of H. ammodendron could provide a unique habitat for beneficial bacteria
and these bacteria could help H. ammodendron itself and crops adapt to the extreme environment.
In our previous work, we isolated over 290 bacterium strains from the rhizosphere of H. ammodendron
in Tengger desert, Gansu province, northwestern China (unpublished data). Among these strains,
we found that a strain numbered M30-35 had the ability to promote plant growth of model plant
Arabidopsis thaliana under salt stress conditions in our preliminary experiment (unpublished data).
The aims of this work were to evaluate the effects of M30-35 inoculation on salt tolerance on Perennial
ryegrass and explore its genetic property as a PGPR strain by complete genome sequencing technology.

2. Results

2.1. M30-35 Promoted Ryegrass Growth under Salinity Conditions

Statistically significant growth differences in the whole plant level were observed between M30-35
treatment and the other two treatments, Escherichia coli strain DH5α and Luria broth (LB) medium,
after two week treatments. Plants inoculated with M30-35 had larger size than those inoculated with
DH5α and LB medium (Figure 1A). Strain M30-35 enhanced shoot fresh weight, dry weight and
root volume of ryegrass under both non-saline and saline stress (150 and 300 mM NaCl) (Figure 1B).
Compared to LB medium (control), shoot fresh weight was significantly increased by 35%, 21% and
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38%, and dry weight by 42%, 42% and 32% (p < 0.05) under 0, 150 and 300 mM NaCl treatments,
respectively. Root volume was increased significantly by 17%, 30% and 42% (p < 0.05) compared to
corresponding controls, respectively, under 0, 150 and 300 mM NaCl treatments.

Figure 1. Effects of M30-35 on whole plant growth (A–C), shoot fresh weight (FW) (D), shoot dry
weight (DW) (E) and root volume (F) of ryegrass under various salt treatments (0, 150 and 300 mM
NaCl). For (A–C), from left to right: Luria broth (LB) medium, DH5α and M30-35 treatments; from
top to bottom: 0, 150 and 300 mM NaCl treatments. Values are means and bars indicate standard
errors (SEs) (n = 12). Columns with different letters indicate significant differences among treatments
at p < 0.05 (ANOVA and Duncan’s multiple comparison test).

2.2. Effects of M30-35 on Chlorophyll Content under Salinity Conditions

After two-week treatments, in addition to promoting shoot growth, M30-35 increased both
leaf chlorophyll a and chlorophyll b contents under both non-saline and salinity. Compared to
corresponding controls, chlorophyll a content in plants inoculated with M30-35 was increased
significantly by 28%, 30% and 28% (Figure 2A) and chlorophyll b content by 32%, 35% and 28%
(p < 0.05) under 0, 150 and 300 mM NaCl treatments, respectively (Figure 2B).
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Figure 2. Effects of M30-35 on leaf chlorophyll a content (A) and leaf chlorophyll b content (B) of
ryegrass under various salt stress (0, 150 and 300 mM NaCl). Values are means and bars indicate SEs
(n = 12). Columns with different letters indicate significant differences among treatments at p < 0.05
(ANOVA and Duncan’s post hoc multiple comparison test).

2.3. Effects of M30-35 on Root Activity of Ryegrass

To test if M30-35 could maintain root vigor, root activity of plants inoculated with M30-35 was
significantly enhanced by 54% and 60% (p < 0.05) under 150 and 300 mM NaCl conditions, respectively,
compared to corresponding controls (Figure 3). The above results demonstrated that M30-35 can
maintain stable root vigor of ryegrass under salt stress.
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Figure 3. Effects of M30-35 on root activity of ryegrass under salt treatment (0, 150 and 300 mM NaCl).
Values are means and bars indicate SEs (n = 12). Columns with different letters indicate significant
differences among treatments at p < 0.05 (ANOVA and Duncan’s multiple comparison test).

2.4. Effects of M30-35 on Leaf Cell Membrane Integrity of Ryegrass under Salinity Conditions

M30-35 alleviated oxidative stress of ryegrass under salt stress. After two week treatments,
application of strain M30-35 significantly improved catalase (CAT) activity by 46% and 63% under salt
conditions (150 and 300 mM NaCl), respectively, compared to corresponding controls (Figure 4).

To test leaf cell membrane integrity under salt stress, malonyldialdehyde (MDA) content and
relative electric conductivity (REC) were measured. After two-week treatments, MDA content in the
leaves of plants inoculated with M30-35 was 21%, 84% and 34% significantly (p < 0.05) lower than
corresponding controls under 0, 150 and 300 mM NaCl treatments, respectively (Figure 5A). Similarly,
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REC was 37% and 15% significantly (p < 0.05) lower than corresponding controls under 0 and 300 mM
NaCl treatments, respectively (Figure 5B).
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Figure 4. Effects of M30-35 on leaf catalase (CAT) activity of ryegrass under various salt treatment
(0, 150 and 300 mM NaCl). Values are means and bars indicate SEs (n = 12). Columns with different
letters indicate significant differences among treatments at p < 0.05 (ANOVA and Duncan’s multiple
comparison test).
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Figure 5. Effects of M30-35 on leaf malonyldialdehyde (MDA) content (A) and relative electric
conductivity (REC) (B) of ryegrass under various salt treatments (0, 150 and 300 mM NaCl). Values are
means and bars indicate SEs (n = 12). Columns with different letters indicate significant differences
among treatments at p < 0.05 (ANOVA and Duncan’s multiple comparison test).

2.5. Effects of M30-35 on Leaf Osmotic Adjustment Capability of Ryegrass under Higher Salt Stress

Leaf soluble sugar and proline are two major osmotic adjustment substances and their contents
can reflect leaf osmotic adjustment capability. Under 0 and 150 mM NaCl, M30-35 had no significant
effects on leaf soluble sugar content; however, it significantly enhanced leaf soluble sugar content by
1.2-fold (p < 0.05) compared to control under 300 mM NaCl (Figure 6A).

Leaf proline content was significantly increased by 62%, 1.1 and 1.1-fold (p < 0.05) by M30-35 under
0, 150 and 300 mM NaCl treatments, respectively, compared to corresponding controls (Figure 6B).

M30-35 had no significant effects on leaf osmotic potential under 0 and 150 mM NaCl conditions;
however, osmotic potential was significantly decreased by 35% (p < 0.05) by M30-35 under 300 mM
NaCl compared to control (Figure 6C). Therefore, leaf osmotic adjustment capability of ryegrass under
higher salt stress was enhanced by M30-35.
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Figure 6. Effects of M30-35 on soluble sugar content (A), proline content (B) and osmotic potential (C)
of ryegrass under salt treatment (0, 150 and 300 mM NaCl). Values are means and bars indicate SEs
(n = 12). Columns with different letters indicate significant differences among treatments at p < 0.05
(ANOVA and Duncan’s multiple comparison test).

2.6. M30-35 Maintained K+/Na+ Ratio in Ryegrass under Salinity Conditions

To test whether M30-35 inoculation could alter ion accumulation in ryegrass under various
salinity conditions, endogenous Na+ and K+ contents were measured, and K+/Na+ ratio was
calculated accordingly.

Compared to corresponding controls, M30-35 significantly decreased shoot Na+ content by 35%
and 32% and root Na+ content by 37% and 31% (p < 0.05) with 150 and 300 mM NaCl treatments,
respectively (Figure 7A,D). M30-35 had no significant effects on K+ content in both shoot and root
under 0 and 150 mM NaCl; however, K+ content in shoot and root was significantly improved by 28%
and 63% under 300 mM NaCl (p < 0.05) (Figure 7B,E).

Tissue K+/Na+ ratio was also significantly improved by M30-35. Compared to corresponding
controls, shoot K+/Na+ ratio was significantly increased by 18%, 63% and 76% under 0, 150 and
300 mM NaCl and root K+/Na+ ratios by 63% and 1.08-fold (p < 0.05) under 150 and 300 mM NaCl,
respectively (Figure 7C,F).

65



Int. J. Mol. Sci. 2018, 19, 469

d

b

a

d

b

a

d

c

b

0.0

0.2

0.4

0.6

0.8

1.0

0 150 300

Sh
oo

t N
a+

(m
m

ol
.g

-1
D

W
)

LB DH5 M30-35

abc

de
e

ab
cde

e

a
cd cd

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 150 300

Sh
oo

t K
+

(m
m

ol
.g

-1
D

W
)

b

d
e

b

d
e

a

c
d

0

1

2

3

4

5

6

7

0 150 300

Sh
oo

t K
+ /

N
a+

NaCl (mM)

e

bc

ab

e

c

a

e

d

c

0.0

0.2

0.4

0.6

0.8

1.0

0 150 300

R
oo

t N
a+

(m
m

ol
.g

-1
D

W
)

LB DH5 M30-35

a

b

c

a

b

c

a ab

b

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 150 300

R
oo

t K
+

(m
m

ol
.g

-1
D

W
)

a

c

d

a

c
d

a

b

c

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 150 300

R
oo

t K
+ /

N
a+

NaCl (mM)

A

B

C

D

E

F

Figure 7. Effects of M30-35 on tissue Na+ (A,D) and K+ (B,E) contents and K+/Na+ (C,F) ratio of
ryegrass under various salt conditions (0, 150 and 300 mM NaCl). Values are means and bars indicate
SEs (n = 12). Columns with different letters indicate significant differences among treatments at p < 0.05
(ANOVA and Duncan’s multiple comparison test).

2.7. Complete Genome Sequence of M30-35 and Identification of Potential Genes Responsible for Plant
Growth Promotion

Classification analysis and identification based on 16S rRNA gene sequence in complete genome
indicated that strain M30-35 was closely related to members of the genus Pseudomonas. The complete
genome sequence of Pseudomonas sp. M30-35 was deposited in GenBank under the accession number
CP020892. We initially classified the strain M30-35 as a new species in Pseudomonas and named it as
Pseudomonas sp. M30-35.

The genome of M30-35 was composed a circular chromosome with a size of 4,926,954 bp and
an overall guanine (G) and cytosine (C) content of 54.3% with the total number of genes 4500.
The chromosome contains 63 tRNA, 12 rRNA and 4 rRNA operons (Table 1).

We performed clusters of orthologous genes (COG) function classification according to
Shen et al. [31] and Powell et al. [43]. Based on COG, in detail, there is one gene for RNA processing
and modification, two genes for chromatin structure and dynamics, 250 genes for energy production
and conversion, 31 genes for cell cycle control, cell division, chromosome partitioning, 436 genes for
amino acid transport and metabolism, 78 genes for nucleotide transport and metabolism, 200 genes
for carbohydrate transport and metabolism, 140 genes for coenzyme transport and metabolism, 177
genes for lipid transport and metabolism, 184 genes for translation, ribosomal structure and biogenesis,
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332 genes for transcription, 136 genes for replication, recombination and repair, 211 genes for cell wall,
cell membrane, cell envelope biogenesis, 94 genes for cell motility, 156 genes for posttranslational
modification, protein turnover, chaperones, 221 genes for inorganic ion transport and metabolism,
120 genes for secondary metabolites biosynthesis, transport and catabolism, 528 genes for general
function prediction only, 224 genes for signal transduction mechanisms, 106 genes for intracellular
trafficking, secretion, and vesicular transport, 47 genes for defense mechanisms, and 337 genes for
unknown function (Figure 8).

We identified 34 genes that were responsible for plant growth promotion and abiotic stress
tolerance in Pseudomonas sp. M30-35 genome (Table 2). These included 12 genes related to insoluble
phosphorus solubilization, four to auxin biosynthesis, four to other process of growth promotion, seven
to oxidative stress alleviation, four to salt and drought tolerance and three to cold and heat tolerance.

Figure 8. Circular representation of M30-35 genome. From the inner to outer circle: the first circle
shows the scale; the second and third circles show G + C skew and G + C content, respectively;
the fourth and seventh circle shows the distribution of genes related to COG categories; the fifth
and sixth circle shows CDS, tRNA and rRNA on the location of the complete genome. A: RNA
processing and modification; B: Chromatin structure and dynamics; J: Translation, ribosomal structure
and biogenesis; K: Transcription; L: Replication, recombination and repair; D: Cell cycle control, cell
division, chromosome partitioning; O: Posttranslational modification, protein turnover, chaperones;
M: Cell wall, cell membrane, cell envelope biogenesis; N: Cell motility; P: Inorganic ion transport and
metabolism; T: Signal transduction mechanisms; U: Intracellular trafficking, secretion, and vesicular
transport; V: Defense mechanisms; W: Extracellular structures; Y: Nuclear structure; Z: Cytoskeleton;
C: Energy production and conversion; G: Carbohydrate transport and metabolism; E: Amino acid
transport and metabolism; F: Nucleotide transport and metabolism; H: Coenzyme transport and
metabolism; I: Lipid transport and metabolism; Q: Secondary metabolites biosynthesis, transport and
catabolism; R: General function prediction only; S: Unknown function.
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Table 1. Genome features of Pseudomonas sp. M30-35.

Features Values

Genome size (bp) 4,926,954
Guanine (G) + cytosine (C) content (%) 54.3

Total number of genes 4500
Number of proteins 4364

Protein encoding genes 4421
rRNAs (5S, 16S, 23S) 12

tRNAs 63
rRNA operons 4

ncRNA 4
Pseudogenes 57

Table 2. Potential genes responsible for plant growth promotion and stress tolerance in Pseudomonas sp.
M30-35 Genome.

Categories Gene ID Gene Annotation

Insoluble phosphorus solubilization

Plant growth promotion

ORF03861 Pyruvate kinase
ORF00725 Malate synthase
ORF01978 Phosphoenolpyruvate carboxylase
ORF04759 Acetate kinase
ORF03358 Citrate synthase
ORF05557 Shikimate kinase
ORF00482 Llactate dehydrogenase
ORF02892 2-methylcitrate synthase
ORF05912 Exopolyphosphatase
ORF01099 Inorganic pyrophosphatase
ORF05696 Alkaline phosphatase
ORF02576 Nicotinamide adenine dinucleotide (NADH) pyrophosphatase

Auxin biosynthesis
ORF00180 Tryptophan synthase α chain (trpA)
ORF00181 Tryptophan synthase β chain (trpB)
ORF02417 Tryptophan-tRNA ligase (trpS)
ORF05537 Tryptophan 2-halogenase (cmdE)

Others related to plant growth promotion
ORF03057 Nitrogen fixation protein (fixG and anfA)
ORF01526 Acetolactate synthase 3 small subunit (ilvH)
ORF05343 Biosynthetic arginine decarboxylase (speA)
ORF00855 S-adenosylmethionine decarboxylase proenzyme (speD)

Stress tolerance

Oxidative stress alleviation
ORF00943 Catalase
ORF04857 Superoxide dismutase
ORF03162 Glutathione S-transferase
ORF02859 Glutathione peroxidase
ORF03063 Glutathione reductase
ORF04403 S-(hydroxymethyl) glutathione dehydrogenase
ORF00537 Glutathione synthetase

Salt and drought tolerance
ORF04529 Na+/H+ antiporter (nhaC)
ORF05136 Glycine betaine transporter (opuD)
ORF00154 Trehalose/maltose-binding protein
ORF04015 1-aminocyclopropane-1-carboxylate (ACC) deaminase

Cold and heat shock protein
ORF01759 Cold shock protein (capB)
ORF02091 Cold shock protein (cspA)
ORF00761 Heat shock protein (hs1R)
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3. Discussion

3.1. Pseudomonas sp. M30-35 Promoted Ryegrass Growth under Salinity Conditions

Beneficial rhizobacteria promote plant growth as well as alleviate various abiotic stresses including
salinity [44] and drought [14]. PGPR species like Azospirillum sp. and Pseudomonas sp. increased
the growth and biomass of canola plants by regulating the oxidative stress enzymes and essential
nutrient under salinity stress [45]. The plants inoculated with P. mendocina had significantly greater
shoot biomass than the controls, suggesting that the inoculation with selected PGPRs could be an
effective tool for alleviating salinity stress in salt sensitive plants [25,46]. It was suggested that varying
responses of rhizobacteria on plant root architecture indicated the specificity of plant-rhizobacterium
associations [47]. Similarly, Pseudomonas sp. M30-35, isolated directly from the rhizosphere of
H. ammodendron, promotes the growth of ryegrass under both control condition and salt stress through
improving its root volume and root activity (Figures 1F and 3).

Leaf chlorophyll content reflects plant growth [48]. Salinity inhibited photosynthesis mainly
through reducing chlorophyll content, leaf area and photosystem II efficiency [16,49,50]. The mitigating
effect of P. putida and Bacillus subtilis against salt stress and the increase in chlorophyll content
were observed in canola and white clover seedlings, respectively [16,51]. In agreement with those
observations, in our research, the significant increase in chlorophyll content by M30-35 was also
observed under salt stress (0, 150, 300 mM NaCl) (Figure 2). These results implied that Pseudomonas sp.
M30-35 plays a positive regulatory role in improving photosynthesis of ryegrass under salt treatment.

3.2. Pseudomonas sp. M30-35 Maintained Cell Membrane Integrity and Improved Osmotic Adjustment
Capability of Ryegrass under Salinity Conditions

Abiotic stressors increase cellular levels of ROS like superoxide radical, hydroxyl radicals and
hydrogen peroxide, leading to lipid peroxidation of membranes [52] and the increases in the content of
the biomarker, malondialdehyde (MDA) [4,16,53] and the relative electric conductivity (REC) [14,54].
Plants have various enzymes that reduce ROS level and alleviate oxidative stress [4,53,55]. It was
reported that Bacillus subtilis GB03 reduced MDA content in white clover under salinity [16];
root endophyte Piriformospora indica induced salt tolerance of barley through a strong increase in
antioxidants [56]; and PGPRs enhanced abiotic stress tolerance in Solanum tuberosum through inducing
changes in the expression of ROS-scavenging enzymes [10]. Our data showed that M30-35 inoculation
significantly increased leaf CAT activity and decreased in MDA content and REC of ryegrass under
higher salinity (300 mM NaCl), therefore maintaining leaf cell membrane integrity. These observations
suggested that Pseudomonas sp. M30-35 contributed to the reduction of lipid peroxidation and the
maintenance of membrane functions when plants were subjected to salinity.

Soluble sugars (such as glucose, fructose and sucrose) have been reported to be pivotal
components for osmotic adaptation when plants respond to abiotic stress [4,57], especially increasing
soluble sugar content could decrease osmotic potential in cells and maintain normal physiological
function of plant cells in abiotic stress conditions [58,59]. Proline is a major plant osmotic regulator
with multiple functions in adjusting osmosis, stabilizing the structure of proteins and scavenging
ROS under salt stress [60–62]. Our results showed that both soluble sugar and proline contents were
significantly enhanced by M30-35 inoculation in ryegrass under salt stress, especially higher salinity
(300 mM NaCl) (Figure 6); therefore, leaf osmotic potential was significantly reduced under higher
salinity. These results suggested that the elevated soluble sugar and proline accumulation could
contribute to the osmotic balance in perennial ryegrass against salt stress.

3.3. Pseudomonas sp. M30-35 Maintained Ionic Homeostasis of Ryegrass under Salinity Conditions

Salt stress is commonly caused by high concentrations of Na+ in soil [2]. Salts taken up by roots
were then transported into shoots, and eventually accumulated in leaves through the transpiration
stream [63]. High concentration of Na+ in the cytoplasm disrupt the uptake of K+ into plant cell,
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which is important for the catalytic activities of many enzymes [4]. PGPRs could help plants maintain
ion homeostasis and high K+/Na+ ratios in shoots by reducing Na+ and Cl+ accumulation in leaves,
increasing Na+ exclusion via roots, and boosting the activity of high affinity K+ transporters [64].
Inoculation of Bacillus subtilis GB03 in white clover, wheat and Codonopsis pilosula (Franch.) Nannf.
under salt stress improved their salt tolerance by reducing Na+ accumulation [13,15,16]. Acinetobacter
calcoaceticus applied Cucumis sativus plants had reduced sodium concentration, while potassium was
abundantly present under salt stress [65]. GB03-triggered upregulation of PtHKT1;5 and PtSOS1
and downregulation of PtHKT2;1 in roots restricted Na+ transport from root into shoot as well
as Na+ uptake into roots of the halophyte grass Puccinellia tenuiflora [12]. In current research,
M30-35 inoculation decreased shoot and root Na+ concentration, but enhanced shoot and root K+

concentration, and thereby increased K+/Na+ ratio in both shoot and root of ryegrass under salt stress,
especially under higher salinity (300 Mm NaCl) (Figure 7). The mechanism for M30-35 to regulate ion
accumulation remained to be further explored.

3.4. Genetic Property of Pseudomonas sp. M30-35 as a PGPR Strain

Complete genome information of endophyte Bacillus flexus KLBMP 4941; Pseudomonas azotoformans
S4, P. Antarctica PAMC 27494, P. putida BIRD-1 and P. aurantiaca strain JD37 contains genes related
to plant growth promotion, biocontrol and salt tolerance [30,32,35,66]. In agreement with those
observations, we also found genes that are responsible for plant growth promotion and abiotic stress
tolerance the complete genome of Pseudomonas sp. M30-35. The specific genes and their functions are
described in our research (Table 2).

Phosphorous (P) ranks second among essential plant nutrients and a major component of vital
molecules [67]. Phosphorous plays an important role in metabolic processes [68]. However, the high
sorption capacity of phosphate to soil particles results in a very low mobility and availability for uptake
by plants [69]. In order to avoid phosphate deficiency, the environmentally unfriendly phosphate
fertilizer has been widely used in agriculture worldwide, resulting in inevitable severe environmental
pollution caused by P runoff [70]. Phosphate-solubilizing bacteria (PSB) exists in soil and rhizosphere
and are able to release soluble phosphate from insoluble mineral phosphate [71]. The major group of
phosphate solubilizing bacteria is distributed in the genus Pseudomonas, Bacillus and Acinetobacter [72].
Through various mechanisms of solubilization and mineralization, these microorganisms can convert
inorganic and organic P into available form and ultimately contribute to plant growth [68]. Acinetobacter
calcoaceticus applied plants had abundant phosphorus as compared to control in Cucumis sativus
under salt stress [65]. In this study, 12 genes responsible for insoluble phosphorus solubilization
were identified in the complete genome of Pseudomonas sp. M30-35, including pyruvate kinase,
malate synthase, phosphoenolpyruvate carboxylase, acetate kinase, citrate synthase, Shikimate kinase,
L-lactate dehydrogenase, 2-methylcitrate synthase, exopolyphosphatase, inorganic pyrophosphatase,
alkaline phosphatase and NADH pyrophosphatase, respectively (Table 2). Four genes responsible
for tryptophan synthesis, including tryptophan synthase α chain (trpA), tryptophan synthase β chain
(trpB) and tryptophan—tRNA ligase (trpS) and Tryptophan 2-halogenase (cmdE) were also identified.
These genes may play important roles in the synthesis of tryptophan and, therefore, participate in
auxin indole-3-acetic acid (IAA) biosynthesis and enhance the growth of plants [73]. In addition, four
other genes responsible for nitrogen fixation protein, acetolactate synthase 3 small subunit, biosynthetic
arginine decarboxylase and S-adenosylmethionine decarboxylase proenzyme were identified, which
may also contribute to growth promotion in ryegrass inoculated with M30-35.

Several studies indicated PGPRs could alleviate oxidative stress induced by salinity. Oxidative
stress was mitigated by Acinetobacter calcoaceticus through reducing activities of catalase, peroxidase,
polyphenol oxidase and total polyphenol in Cucumis sativus [65]. However, Pseudomonas aeruginosa
inoculation ameliorated adverse effects of Zn stress by enhancing antioxidative enzyme activities,
superoxide dismutase (SOD), peroxidase (POD) and CAT, in wheat [74]. Also in wheat, Dietzia
natronolimnaea inoculation enhanced gene expression of various antioxidant enzymes such as ascorbate
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peroxidase (APX), SOD, CAT, POD, glutathione peroxidase (GPX) and glutathione reductase (GR) and
higher proline content and contributed to increased tolerance to salinity stress [75]. In our research,
seven genes responsible for oxidative stress alleviation were identified in the complete genome
of Pseudomonas sp. M30-35, including catalase, superoxide dismutase, glutathione S-transferase,
glutathione peroxidase, glutathione reductase, S-(hydroxymethyl) glutathione dehydrogenase and
glutathione synthetase. Further study is needed to clarify the correlation between these genes and the
oxidative stress alleviation in ryegrass inoculated with Pseudomonas sp. M30-35 under salt stress.

Seven genes responsible for abiotic stress in the complete genome of Pseudomonas sp.
M30-35 were also identified, including Na+/H+ antiporter (nhaC), glycine betaine transporter
(opuD), trehalose/maltose-binding protein, 1-aminocyclopropane-1-carboxylate (ACC) deaminase,
cold shock protein (capB), cold shock protein (cspA) and heat shock protein (hs1R) (Table 2).
Trehalose/maltose-binding protein can alleviate different stress conditions (dehydration, heat and cold)
of plant growth environment [76]. ACC deaminase could lower the concentration of plant ethylene
and decrease the deleterious effect of abiotic stress [77].

4. Materials and Methods

4.1. Bacterial Suspension Culture

Pseudomonas sp. strain M30-35 and Escherichia coli strain DH5α as a positive control bacterium
strain were grown in liquid Luria broth (LB) medium without light for 24 h at 28 ◦C with 250 rpm
rotation to yield 109 colony forming units (CFU) mL−1, as determined by optical density and serial
dilutions. Strain M30-35 was in our laboratory at Lanzhou University, Lanzhou, China, and E. coli
strain DH5α was purchased from Takara Biotechnology (Dalian) Co., Ltd., Dalian, China.

4.2. Plant Growth and Treatments

Perennial ryegrass (Lolium perenne L. cv. Esquire) seeds (from Beijing Top Green Seed Co., Ltd.,
Beijing, China) were surface sterilized with 2% NaClO for 1 min followed by 70% ethanol for 10 min,
and rinsed with sterile water five times. Seeds were then sown in pre-sterilized plastic pots (diameter
20 cm, depth 15 cm, 1.0 g seeds/pot) containing 1800× g of heat-sterilized (95 ◦C, 72 h) vermiculite and
sand mix (volume ratio 1:1) and watered with half strength Hoagland’s nutrient solution (including
2 mM KNO3, 0.5 mM NH4H2PO4, 0.1 mM Ca(NO3)2·4H2O, 0.25 mM MgSO4·7H2O, 0.5 mM Fe
citrate, 92 μM H3BO3, 18 μM MnCl2·4H2O, 1.6 μM ZnSO4·7H2O, 0.6 μM CuSO4·5H2O, and 0.7 μM
(NH4)6Mo7O24·4H2O) once per week. After seed germination, each pot was inoculated with 10 mL
bacterial suspension culture of M30-35 or DH5α, or 10 mL liquid LB medium as control. Plants were
grown in a glasshouse at the temperature regulated to around 28 ◦C during the day and 23 ◦C at night.
Relative humidity averaged 65% and 75% for day and night periods, respectively. The photoperiod
was 16 h/8 h (light/dark).

Twenty days after germination, seedlings were watered with 0, 150 or 300 mM NaCl as salt
treatments. Two weeks after salt treatments, plants were harvested for biomass and physiological
index measurements (12 replications for each treatment).

4.3. Plant Biomass and Physiological Measurements

Two weeks after salt treatments, plants were removed from the pots and roots were water rinsed
to remove attached soil. Root and shoot were separated and blotted gently. Shoot fresh weights and
root volume were determined immediately and samples were oven dried at 80 ◦C for 3 days to obtain
dry weights.

Leaf chlorophyll content was measured using acetone and alcohol method with slight
modification [16]. Briefly, fresh leaf sample was ground thoroughly with 80% acetone (5 mL) and 95%
alcohol (5 mL) as a solvent in the dark and centrifuged at 9000× g for 10 min at 4 ◦C. Absorbance
reading (UV-2102C Spectrophotometer, Unico Instrument Co., Ltd., Shanghai, China) at 645 and 663 nm
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for collected supernatant was used to estimate chlorophyll a and chlorophyll b contents, respectively.
Leaf chlorophylls content was calculated according to the formula: Chlorophyll a content = (12.72A663

− 2.59A645) × 10 ÷ 1000 ÷ W; Chlorophyll b content = (22.88 A645 − 4.67A663) × 10 ÷ 1000 ÷ W.
W: fresh weight of leaves; A663 represented the absorbance value at 663 nm; A645 represented the
absorbance value at 645 nm.

Root activity was measured according to the triphenyltetrazolium chloride (TTC) reduction
method [78]. Fresh root tissue (0.1 g) was soaked in 10 mL reaction solution (5 mL 0.4% TTC + 5 mL
phosphate buffer, pH = 7.0) at 37 ◦C for 3 h, and then 2 mL of 1 mol L−1 sulfuric acid was added to stop
the reaction. Roots were taken out from the reaction solution, blotted and grounded with 3 mL ethyl
acetate. Then, the supernatant was collected by ethyl acetate to the final volume of 10. Absorbance
reading (UV-2102C Spectrophotometer, Unico Instrument Co., Ltd., Shanghai, China) at 485 nm of
collected supernatant was used to estimate root activity. The standard curve for reduction value of TTC
(y): y = 0.0015x + 0.0053, R2 = 0.9914 and y represented absorbance reading. Root activity = reduction
value of TTC (x) ÷ W × time. W represented fresh weight of root and time 3 h.

Catalase (CAT) activity was measured according to [55]. Briefly, 0.5 g fresh leaf sample was
grounded with 3 mL cold (4 ◦C) phosphate buffer (pH = 7.0) and enzyme was extracted in a total
volume of 10 mL. CAT activity was estimated by the decrease in H2O2 according to the absorbance at
240 nm. CAT = 678 × ΔA ÷ W, ΔA = A1 − A2, A1 represented the initial absorbance value at 240 nm,
A2 absorbance value after one minute and W fresh weight of leaves.

The level of lipid peroxidation in leaves was assessed by measuring the content of
malondialdehyde (MDA) using the thiobarbituric acid reaction method [12,14]. Absorbance was
determined at 532 (A532) and 600 (A600) nm using a UV spectrophotometer (UV-2102C, Unico
Instrument Co., Ltd., Shanghai, China) to estimate MDA content. MDA = 25.8 × ΔA ÷ W. ΔA
= A532 − A600 and W represented fresh weight of leaves.

To estimate leaf cell membrane damage, leaf relative electric conductivity (REC) was measured
using an electric conductivity meter EC215 (Hanna Instruments Romania Srl, Nusfalau, Romania) [12].
REC (%) was calculated the following equation, REC (%) = (S1/S2) × 100, where S1 and S2 refer to
electric conductivity of live leaves and boiled leaves, respectively.

The soluble sugar content was measured according to the method of anthrone colorimetry [79].
In addition, 1 g fresh leaf sample was grounded thoroughly with water and centrifuged at 8000× g for
10 min at 25 ◦C to extract soluble sugar in 10 mL. Then, 1 mL supernatant, 0.5 mL anthrone and 5 mL
H2SO4 were mixed slowly and kept for 10 min. After cooling down to room temperature, absorbance
was determined at 620 nm using a UV spectrophotometer (UV-2102C, Unico Instrument Co., Ltd.,
Shanghai, China) to estimate soluble sugar content. Soluble sugar content = 1.17 × (ΔA + 0.07) ÷
W. ΔA = A1 − A0, A1 represented the absorbance value of sample at 620 nm, A0 represented the
absorbance value of blank solution at 620 nm and W fresh weight of leaves.

Leaf proline content was determined by the sulfosalicylic acid method described by [80]. Proline
was extracted from 0.2 g of fresh leaf tissue into 10 mL of 3% sulfosalicylic acid and filtered through
filter paper and absorbance was determined at 520 nm (A520) using a spectrophotometer (UV-2102C
Spectrophotometer, Unico Instrument Co., Ltd., Shanghai, China). Proline content = 19.2 × (A520 +
0.0021) ÷ W and W represented fresh weight of leaves.

CAT, MDA, the soluble sugar and proline content were measured using reagent kit (Suzhou
Comin Biotechnology Co., Ltd., Suzhou, China), and the specific steps of all methods were operated
according to the instructions provided by the company.

Leaf osmotic potential (ψs) was measured according to Ma et al. [48]. Fresh leaf samples were
frozen in liquid nitrogen. Cell sap was collected by thawing slowly and then ψs was determined using
a cryoscopic osmometer (Osmomat-030, Gonotec GmbH, Berlin, Germany) at 25 ◦C. The readings
(mol L−1) were used to calculate the solute potential (ψs) in MPa with the formula ψs = −The readings
× R × T, here R = 0.008314 MPa L mol−1 K−1 and T = 298.8 K.
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Na+ and K+ contents were measured according to the method described by Han et al. [16]. For ion
content analysis, plants were harvested two weeks after bacterial inoculation. Roots were washed
twice for 8 min in ice-cold 20 mM CaCl2 to exchange cell-wall-bound K+ and Na+, and the shoots were
rinsed in deionised water to remove surface salts. Roots and shoots were separated and samples were
oven dried at 80 ◦C for 3 days. Ions were extracted from dried tissues with 10 mL 100 mM acetic acid
at 90 ◦C for 2 h. Ion analysis was conducted by an atomic absorption spectrophotometry r (2655-00,
Cole-Parmer Instrument Co., Vernon Hills, IL, USA).

4.4. Data Analysis

Results of the growth and physiological parameters were presented as means with standard errors
(n = 12). All the data were subjected to one-way analysis of variance (ANOVA) and Duncan’s multiple
comparison tests were used to detect significant differences among means at a significance level of
p < 0.05 by SPSS 19.0 (SPSS Inc., Chicago, IL, USA).

4.5. Complete Genome Sequencing and Analysis of M30-35

Complete genome of strain M30-35 was sequenced by Illumin Miseq, Pacific Biosciences (PacBio)
RS II and Single Molecule Real Time (SMRT) sequencing technology. The complete genome sequencing
work was in cooperation with Shanghai Personal Biotechnology Co., Ltd., Shanghai, China.

The genome annotation was performed using NCBI Prokaryotic Genome Annotation Pipeline
(PGAP) version 4.10 (National Center for Biotechnology Information, National Library of Medicine,
Bethesda, MD, USA). The analysis of complete genome was conducted at https://www.ncbi.nlm.nih.
gov/genome/microbes/ and sequence blasting at https://blast.ncbi.nlm.nih.gov/Blast.cgi. The open
reading frames (ORFs) were predicted using Glimmer version 3.0 (currently supported by National
Library of Medicine, Bethesda, MD, USA) [31,32], tRNA and rRNA genes were identified by
tRNAscan-SE version 1.3.1 (The Lowe Lab, Biomolecular Engineering, University of California Santa
Cruz, Santa Cruz, CA, USA) [33,35] and rRNAmmer version 1.2 (Department of Bio. and Health
Informatics, Technical University of Denmark Bioinformatics, Lyngby, Denmark) [81], respectively.
We also performed functional analysis and classification of the clusters of orthologous genes (COG) [43].

5. Conclusions

Pseudomonas sp. M30-35 live naturally in the rhizosphere desert shrub and xerohalophyte
Haloxylon ammodendron. Our study firstly demonstrated that M30-35 had the feature as a PGPR
strain. The soil inoculation of M30-35 significantly enhanced growth and salt tolerance of perennial
ryegrass through increasing chlorophyll content, root activity, catalase activity, soluble sugar content,
proline content, tissue K+ content and K+/Na+ ratio, while decreasing malondialdehyde content and
relative electric conductivity and osmotic potential under salt condition, especially higher salinity.
M30-35 was initially classified as a new species in Pseudomonas and named it as Pseudomonas sp. M30-35.
Thirty-four genes, which were responsible for plant growth promotion and abiotic stress tolerance in
Pseudomonas sp. M30-35 genome, were identified through complete genome sequencing technology.
Further study is needed to clarify the correlation between these genes from M30-35 and the salt stress
alleviation in inoculated plants under salt stress. Genome sequencing and physiological analysis in
our study indicated that Pseudomonas sp. M30-35 is a novel PGPR strain. Moreover, this work will be
useful to explore novel PGPR strains from rhizosphere of plants under extreme environments and the
potential interaction mechanism between PGPRs strains and crop plants.
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Abstract: Arbuscular mycorrhizal fungi (AMF) play an important role in nutrient cycling processes
and plant stress resistance. To evaluate the effect of Rhizophagus irregularis CD1 on plant growth
promotion (PGP) and Verticillium wilt disease, the symbiotic efficiency of AMF (SEA) was first
investigated over a range of 3% to 94% in 17 cotton varieties. The high-SEA subgroup had significant
PGP effects in a greenhouse. From these results, the highest-SEA variety of Lumian 1 was selected for
a two-year field assay. Consistent with the performance from the greenhouse, the AMF-mediated
PGP of Lumian 1 also produced significant results, including an increased plant height, stem diameter,
number of petioles, and phosphorus content. Compared with the mock treatment, AMF colonization
obviously inhibited the symptom development of Verticillium dahliae and more strongly elevated the
expression of pathogenesis-related genes and lignin synthesis-related genes. These results suggest
that AMF colonization could lead to the mycorrhiza-induced resistance (MIR) of Lumian 1 to V. dahliae.
Interestingly, our results indicated that the AMF endosymbiont could directly inhibit the growth of
phytopathogenic fungi including V. dahliae by releasing undefined volatiles. In summary, our results
suggest that stronger effects of AMF application result from the high-SEA.

Keywords: mycorrhizal colonization; Gossypium hirsutum; Verticillium wilt; symbiotic efficiency; plant
growth promotion; resistance; antifungal activity

1. Introduction

Cotton (Gossypium spp.) is an essential resource for thousands of consumables and industrial
products manufactured across the world. It continues to grow in importance in the fiber and oil
industries. However, Verticillium wilt caused by the soil-borne fungus Verticillium dahliae, also known
as the “cancer” of cotton crops, has become one of the most devastating diseases in cotton-growing
areas, resulting in significant losses of plant biomass, lint yield, and fiber quality worldwide [1,2].
This pathogenic fungus can persist alone in the soil for up to 15 years by forming microsclerotia as
resting structures [3]. Because of its highly variable pathogenicity and strong vitality, it is extremely
difficult to control Verticillium wilt disease [4].
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In China, approximately 2.5 million hectares of the cotton are affected by Verticillium wilt,
which may cause direct economic loss of 250–310 million US dollars annually [4]. More seriously,
in some regions, the losses of lint cotton yield may be as high as 80% [5]. Unfortunately, to date
no effective fungicides are available to control this pathogen because of the strong viability of its
microsclerotia along with its wide host range and highly variable pathogenicity [6]. Although many
island cotton varieties (Gossypium barbadense) possess resistance to Verticillium wilt, upland cotton
(Gossypium hirsutum), the commercial cultivar that accounts for more than 95% of the annual global
cotton crop, lacks germplasm resources resistant to this disease [7]. Traditional cross-breeding between
the two species has not been successful because of hybrid dysgenesis, linkage drag, or abnormal
separations in the progeny [8,9].

Histochemical analyses have revealed that intrinsic defenses play a dominant role in the disease
resistance of island cotton, while such induced resistance is severely limited in upland cotton [10].
During the past decades, soil solarization and fumigation have been used as primary management
strategies to reduce microsclerotia. However, in addition to playing only a limited role, they pose
costs to the economy, ecological balance, and public health [11]. Currently, the molecular mechanisms
underlying cotton resistance to Verticillium wilt are still poorly understood [12,13]. With the rapid
development of genetic engineering, several genes have been identified to improve the cotton
Verticillium wilt resistance, such as GAFP4 [4] and a series of Ve1 gene homologs including Gbvdr5 [14],
Gbvdr3 [15], GbaVd1, and GbaVd2 [16]. Alternatively, transgenic cotton that produced the RNAi
construct of VdH1 (VdH1i)-derived siRNAs showed efficient protection against V. dahliae [17]. They are
potential sources to introduce into integrated pest management in the future.

Many reports emphasize that an induced resistance mechanism using mycorrhiza-induced
resistance (MIR) rather than increased tolerance or other effects plays a major role in plant defense
against a broad spectrum of pathogens [18–21]. MIR, a mild but efficient activation of the plant
immune response, not only locally but also systemically shares some characteristics with systemic
acquired resistance (SAR) after pathogen invasion and induced systemic resistance (ISR) triggered
by non-pathogenic rhizobacteria [22]. At the precontact phase of mycorrhizal symbiosis, plant roots
release strigolactones (which may also include an N-acetylglucosamine-based molecule) to induce
the germination of fungal spores and stimulate hyphal branching [23,24]. Subsequently, arbuscular
mycorrhizal fungi (AMF) produce lipochitooligosaccharides and chitooligosaccharides, which can
be recognized by the host roots and then activate the symbiosis signaling pathway [25]. During this
period, the innate immune system of host plant recognizes the microbe-associated molecular patterns
(MAMPs) from AMF and initiates the transient expression of MAMP-triggered immunity (PTI), as well
as the accumulation of the plant defense hormone salicylic acid (SA) in the vascular tissues [26].
Although the initial SA accumulation is restrained during successive stages of AMF infection, the
primed defense state of SA-dependent defense and SAR can be sustained for long periods [27,28].
To establish a successful infection, AMF secrete specific effectors to suppress PTI and transiently
induce the production of abscisic acid (ABA) in the roots [29]. ABA can be transported through the
xylem to the phloem, by which it primes cell wall defense [30]. With the development of symbiosis
and the modulation of plant immunity, the root exudation chemistry changes and then results in the
delivery of ISR-eliciting signals by the mycorrhizosphere bacteria, which can be perceived by the
host plant. Subsequently, the host plant generates long-distance signals that prime jasmonate- and
ethylene-dependent plant defenses and cause ISR [18,31]. In summary, MIR can induce a primed state
of the mycorrhizal plants that allows a more effective activation of defense mechanisms to address
environmental challenges [22].

AMF are generally endomycorrhizal fungi of the phylum Glomeromycota, which can establish
symbionts with most types of terrestrial plants [32]. The growth and development of AMF rely on the
colonization of host roots to obtain their sugar and lipids [33,34]. In return, the AMF benefit the host
plants, such as by helping to absorb and deliver phosphorus, enhancing resistance to biotic and abiotic
stresses, and stimulating growth promotion [35–37]. In the past, research on AMF primarily focused
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on its beneficial effects on plant growth and nutrition, while recent studies have paid more attention to
its biocontrol potential, in particular for soil-borne pathogens. AMF have exhibited inhibitory effects
on several soil-borne pathogens including species of Rhizoctonia [38], Verticillium [39], Fusarium [40],
Phytophthora [41], Macrophomina [42], and Aphanomyces [43]. Considering its unique advantages in food
security, environmental protection and low risk of antimicrobial resistance, AMF should provide new
avenues to protect cotton from the fungal pathogen V. dahliae in sustainable and organic agriculture.

Although it has been confirmed that AMF can benefit cotton growth and may behave as
a biocontrol agent against Verticillium wilt [39,44], studies of symbiotic efficiency between AMF and
different cotton cultivars have not yet been reported, and the effects of plant growth promotion (PGP)
or resistance towards V. dahliae by AMF on high-SEA cotton varieties have never been investigated.
The main objective of this study was to assess the potential of AMF Rhizophagus irregularis CD1 in
controlling Verticillium wilt in high-SEA cotton cultivars directly in the field.

2. Results

2.1. Symbiotic Efficiency of Seventeen Cotton Varieties Inoculated by Arbuscular Mycorrhizal Fungi (AMF)
R. irregularis

Sufficient mycorrhizal colonization is one of the key factors to initiate the symbiotic system.
To select an appropriate cotton variety for this study, we first investigated the SEA of 17 cotton varieties
at 40 days post inoculation (dpi) under greenhouse conditions. A variety of infection structures could
be observed in the roots, including vesicles, hyphae, spores and arbuscules (Figure S1). Based on
two repeated experiments, we found that the total SEA ranged dramatically from 3% to 94% with
the 17 cotton varieties tested. Lumian 1 is one of the highest SEA (SEA = 94%) varieties. In addition,
the colonization ratio of hyphae and vesicles was inconsistent in different varieties, and Lumian 1 had
the highest ratio, reaching 41% and 55%, respectively (Figure 1).

 

Figure 1. Evaluation of the symbiotic efficiency of AMF (SEA) among seventeen cotton cultivars.
One hundred 1-cm root fragments were investigated from each plant after 40 days of growth
with Rhizophagus irregularis CD1 during greenhouse conditions. The parameters Hyphae only (%),
Vesicles (%), and Total AMF (%) denote the frequency of internal hyphae (without vesicles), vesicles,
and total mycorrhizal colonization, respectively. The experiment was repeated twice under greenhouse
conditions. Error bars represent ± SD.

2.2. Effect of Plant Growth Promotion (PGP) among Cotton Varieties with Different Symbiotic Efficiency of
AMF (SEA)

To test the effect of PGP among different SEA cotton varieties, two subgroups that contained four
cotton varieties, each with high-SEA and low-SEA, were inoculated with R. irregularis CD1 or water
(control) under greenhouse conditions, respectively. As expected, AMF-mediated PGP was dependent
on the SEA. In the high-SEA subgroup (SEA ≥ 66%), AMF colonization resulted in a significant increase
in plant growth parameters including shoot fresh weight and root fresh weight. In addition, treatment
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of Yuzao 1 and Hai 3-79 resulted in a significant level of promotion in plant height (Figure 2A–D).
In contrast, the low-SEA subgroup (SEA ≤ 26%) did not show any positive growth responses in their
plant height and shoot and root fresh weights (Figure 2A–D). This suggests that the beneficial effects
of AMF on cottons depend on a highly defined symbiotic relationship.

 

Figure 2. Effects of different symbiotic efficiency of AMF (SEA) on cotton growth promotion at 60 days
post inoculation (dpi) under greenhouse conditions. +AMF: mycorrhizal; −AMF: nonmycorrhizal.
(A) The growth phenotypes of two cotton subgroups. The low-SEA subgroup (SEA ≤ 26%) was
comprised of Jiaxing 1, Lumianyan 22, Aizimian Sj-1, and Xinmian 33B. The high-SEA subgroup
(SEA ≥ 66%) was comprised of Lumian 1, Binbei, Hai 3-79, and Yuzao 1; (B–D) Biomass statistics of
two cotton subgroups including plant height (B), shoot fresh weight (C), and root fresh weight (D).
Error bars represent ± SD. * p < 0.05; ** p < 0.01.

2.3. Field Evaluation of PGP of Lumian 1 by Applying for AMF

Given the highest SEA of Lumian 1 and its effective growth promotion associated with AMF
under greenhouse conditions, we expected that it could be extended into the field. Lumian 1 is one of
the leading cultivars in China because of its high yield and outstanding quality. However, it is not
resistant to Verticillium wilt [45]. Therefore, it is a good candidate to use to appraise the potential of
AMF application to improve plant growth and Verticillium wilt resistance.

We first conducted a field trial for AMF-mediated PGP in 2015. At 40 dpi, mycorrhiza-treated
cotton grew significantly better than the control (Figure 3A). Statistical analyses revealed that the AMF
applications significantly enhanced almost all of the growth parameters including plant height, stem
diameter, number of petioles, and the area of the largest functional leaf (Figure 3B–E). Obvious effects
of PGP could sequentially be observed by applying the AMF at 55 dpi and 72 dpi in both 2015 and
2016 (Table S1). Compared with the control, the mycorrhiza-treated cotton exhibited a higher inorganic
phosphorus (Pi) content in both the roots and leaves (Figure 4A). Correspondingly, the transcription
levels of several phosphate transport genes, including Gh_A02G0202, Gh_A02G0203, Gh_D02G0263,
and Gh_D10G1372, which shared 78%, 77%, 77%, and 78% similarity with the phosphate transporter
1–5 gene (At2G32830) from Arabidopsis thaliana, respectively, were significantly induced in both the
roots and leaves by AMF colonization (Figure 4B–D). This implies that these genes may contribute to
the Pi transport from AMF to cotton during mycorrhizal symbiosis. Consistent with the benefits from
AMF in a greenhouse assay, AMF is also highly effective at improving the plant growth of high SEA
cotton varieties under field conditions.
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Figure 3. Effects of AMF on the growth of Lumian 1 at 40 dpi under field conditions. +AMF:
mycorrhizal; −AMF: nonmycorrhizal. (A) The growth phenotypes of Lumian 1. (B–E) Biomass
statistics of Lumian 1 including plant height (B), stem diameter (C), the number of petioles (D), and the
area of the largest true leaf (E). Error bars represent ± SD. * p < 0.05; ** p < 0.01.

 

Figure 4. Effects of AMF on inorganic phosphorus (Pi) transport of Lumian 1 at 60 dpi under field
conditions. (A) Pi content of both the root and leaf. +AMF: mycorrhizal; −AMF: nonmycorrhizal.
Error bars represent ±SD. * p < 0.05; ** p < 0.01. (B) Homology tree for amino acid sequences of
AtPht 1–5 (At2G32830) and its homologs within Gossypium hirsutum (Gh_A02G0202, Gh_A02G0203,
Gh_D02G0263 and Gh_D10G1372), Oryza sativa (OsPT8, AAN39049; OsPT12, AAN39053), Zea mays
(GRMZM2G326707, GRMZM2G154090) and Medicago truncatula (MTR_1g074930). This was generated
by DNAMAN version 5.2.2.0 (Lynnon Biosoft, San Ramon, CA, USA); (C,D) Expression level of cotton
homologs of AtPht 1–5 in root (C) and leaf (D). The test performed by quantitative RT-PCR analysis.
Transcript abundance of genes was normalized to that of the reference gene UBQ7 (GenBank Accession
Number: DQ116441). Three biological replicates were used for each reaction with three technical
replicates each. Mean values and standard errors were calculated from three biological replicates.
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2.4. Field Performance of Lumian 1 Inoculated with AMF for Verticillium Wilt Resistance

Over two years of independent field trials, we discovered that the application of AMF delayed
the symptoms of Verticillium wilt disease. With the early outbreak of the disease, mycorrhizal plots
exhibited fewer chlorotic and necrotic spots than the control, and typically, this was the only place that
healthy plants were visible (Figure 5A); conversely, the control plots commonly displayed susceptibility
in their leaves, and some plants eventually died (Figure 5B). These results indicated that AMF
colonization is likely to effectively inhibit the spread of V. dahliae in cotton at its early occurrence phase.
In 2015, the disease index (DI) of three mycorrhiza-treated plots showed reductions of 23.10%, 26.36%,
and 38.18% compared to each control plot, respectively (Figure 5D). In 2016, the DI decreased by
22.98%, 28.29%, and 28.41% in three mycorrhiza-treated plots compared to the control, respectively
(Figure 5E). Interestingly, we noticed three disease centers that were distributed among the three control
plots in the field (Figure S2B). Consistent with the reduction of DI by applying the AMF, the V. dahliae
biomass relative to the cotton leaves was significantly lower in the mycorrhiza-treated plots than in
the control plots (Figure 5F). In addition to changes in symptoms in the leaves, we found less vascular
discoloration in the mycorrhiza-treated plots than in the control plots (Figure 5C). Statistical analyses
revealed that the AMF treatment significantly reduced vascular discoloration by 13.12% (p = 0.05)
(Figure 5G). Therefore, we concluded that AMF treatment can efficiently enhance the resistance of
Lumian 1 to Verticillium wilt under field conditions.

 

Figure 5. Effects of AMF on the Verticillium wilt resistance of Lumian 1 under field conditions. +AMF:
mycorrhizal; −AMF: nonmycorrhizal. (A) The phenotypes of Lumian 1 at the early occurrence phase
of Verticillium wilt; (B) The resistance phenotypes of Lumian 1 at 120 dpi in 2016; (C) The vascular
discoloration phenotypes of Lumian 1 at 150 dpi in 2016; (D,E) The disease index of leaves at 120 dpi in
2015 (D) and 2016 (E), respectively. At least 40 plants were used for each experiment; (F) Quantitative
detection of the V. dahliae biomass relative to cotton leaves at 120 dpi in 2016. The average fungal
biomass was determined using at least 10 mycorrhiza-treated and 10 control cottons of each plot; (G) The
disease index of the vascular bundle at 150 dpi in 2016. Error bars represent ± SD. * p < 0.05; ** p < 0.01.
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2.5. Effect of Mycorrhizal Colonization on Cotton Resistance-Related Genes

SAR is a common resistance reaction directed against many types of phytopathogens.
Some biochemical changes appear in the plant cells during SAR, such as the biosynthesis of
pathogenesis-related (PR) proteins that are induced by stresses and play important roles in plant
defense. GhHSR203J and GhHIN1, which are considered as marker genes for the hypersensitive
response [46,47], were up-regulated by mycorrhizal colonization compared with the control (Figure 6A).
GhPR1 is a biomarker gene of SA signaling pathways [48]. GhPR3 and GhPR4 degrade chitin. GhPR5 is
thought to be involved in the synthesis of enzymes that metabolize and inhibit plant pathogens. GhPR9
is a peroxidase that can reinforce the plant cell wall by catalyzing the synthesis of lignin to defend
against the pathogen infection [48]. GhPR1, GhPR3, GhPR4, GhPR5, and GhPR9 also exhibited increases
of 3.8-, 2.0-, 2.0-, 3.3-and 28.8-fold in mycorrhiza-treated cotton plants, respectively, compared to the
controls (Figure 6A). GhPR10, which may play a negative regulation role in SAR [49], was significantly
reduced to 0.04-fold by applying AMF. These data suggest that the intensity of SAR can be further
enhanced by mycorrhizal colonization.

 

Figure 6. Expression patterns of cotton resistance-related genes in mycorrhizal (+AMF) and
nonmycorrhizal (−AMF) Lumian 1. (A) Expression of PR genes; (B) Expression of JA synthesis-related
genes; (C) Expression of lignin synthesis-related genes. The test was performed using reverse
transcription quantitative PCR analysis of relative gene expression. Transcript abundance of genes
was normalized to that of the reference gene UBQ7 (GenBank Accession Number: DQ116441).
Three biological replicates were used for each reaction with three technical replicates each. Mean
values and standard errors were calculated from three biological replicates. * p < 0.05; ** p < 0.01.

Lignin synthesis is important in the resistance of cotton to V. dahliae [50,51]. To investigate
its function during mycorrhizal colonization, the expression of lignin synthesis-related genes was
examined, including GhHCT1, GhPAL5, GhC4H1, Gh4CL1, and GhCAD1. Compared with the controls,
higher transcription levels of GhHCT1, GhPAL5, and GhC4H1 and lower transcription levels of Gh4CL1
and GhCAD1 were detected in mycorrhiza-treated cotton (Figure 6B), indicating that AMF are capable
of resisting V. dahliae by mediating lignin synthesis.

Jasmonic acid (JA) can accumulate during mycorrhizal symbiosis and contribute to MIR [22,52].
The expression of three biomarker genes of JA signaling pathways including GhLOX1, GhACO1 and
GhOPR3 [53] was significantly up-regulated by 6.34-, 5.87- and 8.87-fold, respectively, after mycorrhizal
colonization (Figure 6C), indicating that JA biosynthesis may be influenced by AMF colonization.
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2.6. In Vitro Antifungal Activity Assay of AMF Symbionts

The ability of AMF hyphae, spores and endosymbionts to inhibit the growth of V. dahliae in in vitro
systems was tested first. Surprisingly, we found the AMF symbionts, rather than AMF hyphae or
spores, caused an obvious inhibitory effect on the mycelial growth of V. dahliae (Figure 7). As shown in
Figure 7, the mycelia of V. dahliae could quickly spread to the M+ compartment when the mycorrhizal
roots were absent (Figure 7A,B,E,F), but their growth was limited in the M− compartment (M medium
without sugar) when the mycorrhizal roots were planted in the M+ compartment (Figure 7C,D).
Intriguingly, we subsequently demonstrated that AMF symbionts could also remarkably inhibit the
growth of Fusarium oxysporum, Fusarium graminearum, and Rhizoctonia solani at 7 dpi (Figure 8A).
Even at 50 dpi, there was almost no mycelial expansion of F. graminearum and no sclerotial production
of R. solani when AMF symbionts were present (Figure 8B). Therefore, it seems as if mycorrhizal
colonization can not only enhance the resistance of host plants to V. dahliae via inducing the expression
of resistance-related genes but may also have a direct adverse effect on fungi by its symbionts which
may generate certain volatile compounds.

 

Figure 7. In vitro antimicrobial activities of AMF against Verticillium dahliae. Divided Petri dishes
prevent nonvolatile solutes from diffusing between two compartments. The upper compartment of
divided Petri dishes contained a complete growth medium (M+) used for the growth of AMF symbionts,
and the lower compartment contained the same medium lacking sugar (M−), thus permitting the
development of AMF hyphae and spores. Two discs covered with V. dahliae of 5 mm diameter were
transferred to the M− compartment and incubated in the dark at 25 ◦C for 1 week. Before the
inoculation of V. dahliae discs, fresh blank M+ and blank M− medium were decanted into divided Petri
dishes. The height of M− was equal to the middle baffle while slightly higher than M+. The heights
of M+ and M− in each plate were comparable to each other. Treatments were divided as follows:
(A) empty M− and empty M+; (B) M− with AMF hyphae and spores (h + s) and empty M+; (C) empty
M− and M+ with mycorrhizal roots (myc-roots); (D) M− with AMF h + s and M+ with myc-roots;
(E) empty M− and M+ with dead myc-roots heated at 65 ◦C for 30 min; (F) empty M− and M+ with
non-mycorrhizal roots (nm-roots). Experiments were repeated three times with similar results.
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Figure 8. Antifungal activities of AMF symbionts against several soil-borne fungi at 7 dpi (A) and 50 dpi
(B), respectively. The culture conditions were as described for Figure 7. The upper compartment contained
M+ medium with or without AMF symbionts (myc-roots), and the downward compartment contained
M− medium inoculated with two discs of Verticillium dahliae, Fusarium oxysporum, Fusarium graminearum
and Rhizoctonia solani. Experiments were repeated three times with similar results.

3. Discussion

Numerous studies have shown that AMF can contribute to the growth and disease resistance of
host plants. Our study presents interesting results about the effects of symbiotic efficiency of AMF (SEA)
on the cotton growth improvement. We corroborated that high-SEA cotton Lumian 1 could perform
well on both growth promotion and Verticillium wilt resistance following mycorrhizal colonization
directly under field conditions. In addition to its roles in inducing plant disease resistance, we revealed
that AMF symbionts could release certain volatile compounds, which may have broad-spectrum and
long-term efficacy in terms of fungistasis.

AMF are the most widespread endomycorrhizal fungi, which play important roles in nutrient
cycling processes and plant stress resistance by establishing symbiotic associations with plant roots.
AMF can increase plant nutrient uptake of P [54,55], N [56,57], and K [58]. In addition, AMF are
beneficial to the stabilization of soil aggregates [59], and improve resistance to water stress [36] and
defense against pathogens [18]. However, a successful symbiotic relationship between AMF and its
host involves the premise that the AMF will have an effect on improving plant growth and disease
tolerance. The viability of AMF application in agricultural soils depends on many factors, including
species compatibility, habitat niche availability, and competition with indigenous fungi [60]. To date,
significant genetic variation of AMF species in their effects on host plants has been reported [61–63].
However, few studies have focused on the impact of diverse genotypes on both the plant response to
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the AMF as well as its mycorrhizal colonization level. Cotton is a mycotrophic plant in which growth
and nutrient uptake is usually promoted by mycorrhizal colonization [64]. Here, we used SEA to
appraise the level of mycorrhizal colonization in 17 cotton varieties under greenhouse conditions.
Remarkably, the total SEA varied widely ranged from 3% (Jiaxing 1) to 94% (Lumian 1) among the
cotton varieties tested (Figure 1). Eaton et al. inoculated 43 near-isogenic lines of Trifolium repens
with AMF Glomus mosseae and observed a high degree of variation among individual lines in their
mycorrhizal root infection rates [65]. Therefore, although AMF can colonize the roots of more than 90%
of plant species, to a typical species, the ratio of mycorrhizal colonization is subject to the genotypes
that imply its control by genetic characteristics.

We speculate that an effective SEA may be elementary for host plants to benefit from mycorrhizal
colonization. Consistent with this hypothesis, AMF significantly improved plant growth of the
high-SEA subgroup but did not do so on the low-SEA subgroup in the greenhouse (Figure 2A–D).
Consistent with a role as a potential biofertilizer, the high performance of AMF-mediated PGP with
Lumian 1 was also observed under field conditions (Figure 3A–E). This could be partially explained
by helping the host plant to take up components such as phosphorus (P), which is a well-known
contribution from mycorrhizal symbiosis [66]. Our results showed that mycorrhizal colonization
significantly enhanced the inorganic phosphate (Pi) content in both the roots and leaves relative to
the control (Figure 4A). Since Pht 1–5 plays vital roles in Pi translocation and remobilization [67],
its co-expression with the accumulation of Pi, the expression of certain cotton homologs of AtPht 1–5,
including Gh_A02G0202, Gh_A02G0203, Gh_D02G0263 and Gh_D10G1372, were induced in all of the
mycorrhiza-treated plots (Figure 4B–D). In combination, an effective SEA is required for AMF-mediated
PGP, including but not limited to providing predominantly Pi in exchange for the plant carbon source.
However, SEA is highly variable in its host genotype. This genotypic variation is worth harnessing
in genetic breeding to fully exploit the potentials of AMF, especially for regions of the world with
Pi deficiency.

The other benefits of symbiotic systems include the promotion of the host resistance. In two-year
field trials to control Verticillium wilt, we demonstrated a significant reduction of disease severity by
AMF application with Lumian 1 (Figure 5A–G). Generally, the mechanisms of plant resistance can be
divided into two broad categories: constitutive resistance and induced resistance. Lignin synthesis,
a major constitutive resistance mechanism that involves the formation of new cell walls as a response
to pathogens, has been shown to play a central role in the resistance of cotton to V. dahliae. The content
of lignin in island cotton is higher than that in upland cotton, which is one of the core reasons that the
former is more resistant to V. dahliae [50,51]. A reduction in the lignin content by silencing GhHCT1
with VIGS in cotton had resulted in compromised resistance to V. dahliae [51]. This was accompanied by
the reduced transcription level of upstream lignin synthesis-related genes such as GhPAL5 and GhC4H1
and the increased expression of genes involved in downstream lignin synthesis including Gh4CL1 and
GhCAD1 [51]. Consistent with the higher level of resistance to Verticillium wilt, higher transcription
levels of GhHCT1, GhPAL5, and GhC4H1 and lower transcription levels of Gh4CL1 and GhCAD1 were
detected in mycorrhiza-treated cotton, as compared to the control (Figure 6B), indicating that the AMF
can resist V. dahliae by mediating lignin synthesis. MIR can be considered to be the other key reason to
promote host resistance. The expression of many PR genes, including GhHSR203J, GhHIN1, GhPR1,
GhPR3, GhPR4, GhPR5, and GhPR9, was significantly increased by mycorrhizal colonization. However,
the expression of GhPR10 was significantly reduced to 0.04-fold after AMF application (Figure 6A).
Some PR10 homologs were shown to display antifungal activities in different plant species [68,69].
In contrast, the overexpression of STH-2, a member of the PR10 family, in potato failed to enhance the
resistance of potato to Phytophthora infestans and potato virus X [70]. Similar results were also identified
in other studies [49,71]. In cotton, it appeared that a high resistance to V. dahliae, as well as more lignin,
accumulated in the stems when GhPR10 was silenced by VIGS, suggesting that GhPR10 probably
negatively regulates the resistance of cotton to V. dahliae [72,73]. AMF can affect the transcription of the
PR genes and further enhance the intensity of SAR. In addition, the up-regulation of GhLOX1, GhACO1
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and GhOPR3, which encode key enzymes involved in JA biosynthesis pathway [53], was observed
in mycorrhiza-treated cotton (Figure 6C), consistent with the concept that JA can accumulate during
mycorrhizal symbiosis and contribute to MIR [22,52]. We conclude that the significant resistance to
V. dahliae resulting from mycorrhizal colonization in high-SEA cotton Lumian 1 is associated with MIR
and cell wall secondary metabolism.

In addition to MIR and cell wall defense, an antifungal activity of root exudates induced by
AMF symbiosis was observed to promote resistance. Glomus versiforme could alter the exudation
pattern of cotton roots and contribute to the bioactive effects on V. dahliae conidial germination [74].
Pisolithus tinctorius strain SMF, an ectomycorrhizal fungus, strongly inhibited the growth of
V. dahliae [75]. Ericoid mycorrhizal fungi could protect the host plants from infections by pathogens
such as Phytophthora cinnamomi and Pythium when they were sufficiently present in or on the
roots [76]. Hage-Ahmed et al. demonstrated that a direct antibiotic activity of root exudates
from tomatoes towards F. oxysporum f.sp. lycopersici could be induced by the interactions of the
plant–AMF–pathogen [77]. Using HPLC-UV analyses, the antifungal substances were identified to be
nonvolatile citrate and chlorogenic acid [77]. Intriguingly, our results showed that the mycorrhizal roots
of carrots, rather than AMF hyphae, AMF spores, or non-mycorrhizal roots, suppressed the mycelial
growth of V. dahliae (Figure 7). Carrot roots also strongly inhibit the growth of other soil-borne fungi
such as F. oxysporum, F. graminearum and R. solani. In particular, this fungistasis could persist as long as
50 dpi, while in the Petri dish, the mycelia of F. graminearum could rarely expand, in addition to the
effects on R. solani that included a lack of sclerotia production (Figure 8A,B). Given the blocking effect
of the divided Petri dishes on the diffusion of nonvolatile solutes from root exudates, we propose that
AMF symbionts can release certain volatile compounds that directly inhibit the growth and extension
of fungal phytopathogens, which is to the best of our knowledge a novel biocontrol mechanism of
mycorrhizal association. However, there are still many questions that need to be investigated further,
such as identifying the volatile compounds, and whether they are generated in the R. irregularis
CD1-Lumain 1 interaction system, and whether they are involved in promoting the resistance to
Verticillium wilt.

4. Materials and Methods

4.1. AMF Inoculum Preparation

R. irregularis CD1 was used in this study and was maintained on Petri dishes as described by
St-Arnaud [78]. Briefly, R. irregularis CD1 was co-cultivated with genetically transformed carrot roots
in a two-compartment in vitro system. Half Petri dishes containing a complete growth medium
(M+) were used for the growth of endosymbionts, while the other half containing the same medium
excluding sugar (M−), thus permitting the development of AMF mycelia and spores. The height of
M− was equal to the middle baffle, while M+ was slightly lower than that. The Petri dishes were
incubated in the dark at 18 ◦C. After 2–3 months, a greater number of spores could be easily seen on
the M− compartment. The medium containing spores was then blended with distilled water in a juice
blender. The mixture of mycelia and spores was agitated by a magnetic stirrer, and then the spores
were counted using a hemocytometer and stored temporarily in a 4 ◦C refrigerator.

4.2. Evaluation of SEA among 17 Cotton Cultivars

The seeds of 17 cotton cultivars (Figure 1) were provided by the collections from the Cotton
Research Institute, Chinese Academy of Agricultural Sciences. All seeds were villus-shed and
surface-sterilized by using 98% H2SO4 (100 ◦C, 1 min) and then soaked in water at 28 ◦C until
they germinated.

Barren soil was collected at the fields of Shandong Agricultural University (Taian, China).
The germinated seeds were planted in 15-cm diameter plastic pots (4 L) containing the soil-vermiculite-
perlite mixture (3:2:1 ratio, v/v) sterilized by steaming (121 ◦C for 30 min). To ensure the direct contact
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of the seedling roots with R. irregularis CD1, we added a suspension of approximately 2000 spores into
the center of each pot, 3 cm under the surface of the mixture. Each pot was planted with five seeds of
the same cotton variety, and three seedlings of similar development were reserved for further study.
The experiment was carried out in a greenhouse at 60% relative humidity under a 16/8 h and 26/20 ◦C
(light/dark) photoperiod. Plants were harvested, and roots from each pot were collected separately at
40 days post-inoculation (dpi). The experiment was repeated twice. Each pot was repeated three times.

To assess the mycorrhizal colonization of each cotton variety by R. irregularis CD1, we used Trypan
blue staining as described by Phillips [79]. Briefly, root samples were thoroughly washed and cut into
approximately 1 cm sections, then steeped in 10% KOH (w/v) for 45 min at 60 ◦C and stained with
0.05% v/v Trypan blue in lactic acid. Separately, 100 1-cm-long fine roots were randomly selected from
each line. Symbiotic efficiency was assessed using a Nikon Eclipse 90i light microscope. An estimate
of Total AMF (%) was given as the ratio between root fragments colonized by an AMF structure.
The parameter Vesicles (%) was an estimate of vesicle richness in the whole analyzed root system.
The parameter Hyphae only (%) was the proportion of the root cortex infected by hyphae that lacked
vesicles relative to the whole root system analyzed.

4.3. Experimental Design for Testing the PGP and Wilt Disease Resistance

A pot experiment to test the PGP with eight cotton varieties was described as above. The matched
controls were given the equivalent volume of blank M− suspension. Four high-SEA subgroups
(SEA ≥ 66%) were selected as Lumian 1, Binbei, Hai 3-79 and Yuzao 1. The other four low-SEA
subgroups (SEA ≤ 26%) included Jiaxing 1, Lumianyan 22, Aizimian Sj-1 and Xinmian 33B. At 60 dpi,
plant height and shoot and root fresh weights of the whole plants were measured. This experiment
was repeated three times. Each pot planted three cottons and was repeated twice.

Field performance was investigated twice in the plain area of Taian city during 2015 and 2016
where Verticillium wilt occurred. The cotton variety Lumian 1 of the highest SEA was selected in this
experiment. The experimental design was a complete randomized block (three mycorrhiza-treated
plots and three control plots). Each plot was 8 m in length and 1 m in width (with a 1 m interval
between blocks), and 50 plants were planted in two rows in each plot. Plot 1, Plot 2 and Plot 3 were
used to refer to three repetitions (Figure S2A). We inoculated each germinated seed with a suspension
of 800 spores or an equal volume of blank M− suspension. At 40, 55 and 72 dpi, the growth parameters
were recorded for ten randomly selected plants from each experimental plot. At 60 dpi, six plants were
randomly collected from mycorrhiza-treated and control plots respectively to measure the Pi content
and the expression of several phosphate transport genes in both the root and leaves.

Subsequently, we evaluated the biological control of Verticillium wilt using AMF application
during two years of field trials. Disease severity was recorded for each plant at 120 dpi using a disease
index (DI) ranging from 0 to 4 rating scale based on to the percentage of foliage affected by acropetal
chlorosis, necrosis, wilt, and/or defoliation as follows: 0 = no visible disease symptoms, 1 = 1–25%,
2 = 26–50%, 3 = 51–75%, and 4 = 76–100% or a dead plant. We randomly gathered a mixture of
leaf and root samples from ten mycorrhiza-treated and control plants in each plot, which were
used to extract DNA to measure the V. dahliae biomass and RNA to detect the expression of cotton
defense-related genes, respectively. To better assess the severity of the disease, we also estimated the
vascular discoloration of the cotton stems at 150 dpi. Twelve stems were randomly collected from
each mycorrhiza-treated and control plot to be rated for vascular discoloration. We established a new
rating scale according to the proportion of stem length that occurred vascular browning in longitudinal
section as follows: 0, no vascular discoloration, 1 = 1–25%, 2 = 26–50%, 3 = 51–75%, 4 = 76–100%.

4.4. RNA Extraction and Reverse Transcription Quantitative PCR Analysis

Total RNA was isolated from 50 mg plant tissue by a E.Z.N.A.™ Plant RNA Kit (OMEGA-biotek,
R6827-01, Doraville, GA, USA). One-half microgram RNA was used for first-strand cDNA synthesis
using the EasyScript ®One-Step gDNA Removal and cDNA Synthesis SuperMix (TRANs, Beijing,
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China). Quantitative PCR was performed with UltraSYBR Mixture (Comwin Biotech Co., Ltd., Beijing,
China) on a QuantStudio™ 6 Flex Real-Time PCR System (Thermo Fisher, Waltham, MA, USA).
The PCR program was as follows: 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C
for 1 min. The specificity of the amplified PCR products was determined by melting curve analysis
(95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 15 s and 60 ◦C for 15 s). UBQ7 of G. hirsutum (GenBank
Accession Number: DQ116441) was used as internal control to standardize the results [80]. For each
gene, quantitative PCR assays were repeated at least twice with triplicate runs. Relative expression
levels were measured using the 2−ΔΔCt analysis method. The sequences of gene-specific primers used
in the assay are listed in Table S2.

4.5. Quantitative Detection of V. dahliae Biomass in Cotton

At 120 dpi, we randomly gathered the first true leaves of plants from six plots and extracted DNA
by CTAB method [81]. To detect the V. dahliae biomass, quantitative PCR was performed with the
same agents and amplification conditions as described above. The internal transcribed spacer region
of the ribosomal DNA was targeted to generate a 200 bp amplicon using the fungus-specific primer
ITS1-F, and the V. dahliae-specific reverse primer ST-VE1-R [82]. UBQ7 was used for equilibration of the
different DNA samples. The average fungal biomass was determined using ten mycorrhiza-treated
and ten control cotton plants for each plot. This experiment was repeated three times.

4.6. Antimicrobial Activities of AMF against Phytopathogenic Fungi In Vitro Systems

To test whether AMF could contribute antifungal activity, the symbiotic carrot roots were cultured
as described above. Phytopathogenic fungi were preincubated on PDA medium at 25 ◦C for four
days. On the M− compartments, we inoculated two 5-mm diameter discs of cultures of V. dahliae,
F. oxysporum, F. graminearum and R. solani, respectively. The Petri dishes were incubated in the dark at
25 ◦C and then observed at 7 or 50 dpi. This experiment was repeated three times.

4.7. Measurement of Pi Content

Approximately 0.5 g frozen samples were assayed using an improved method described by
Nanamori et al. [83]. Briefly, the frozen sample was ground with liquid nitrogen and homogenized
in 1 mL 10% (w/v) perchloric acid (PCA). The homogenate was diluted 10 times with 5% (w/v) PCA
and then incubated on ice for 30 min. After centrifugation at 10,000× g for 10 min at 4 ◦C, 500 μL
supernatant was transferred and blended with 4.5 mL H2O and 5 mL chromogenic agent. This mixture
was incubated in a water bath at 45 ◦C for 25 min. After being cooled at 4 ◦C, the absorbance was
measured at 820-nm wavelength. The Pi content was calculated using the normalization of fresh weight.
The chromogenic agent contents were as follows: ddH2O:3 M H2SO4:2.5% (w/v) Hexaammonium
heptamolybdate tetrahydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China):5% (w/v)
L-Ascorbic acid (Sinopharm Chemical Reagent Co., Ltd.) = 2:1:1:1 (volume ratio).

4.8. Data Analysis

The software DPS (Data Processing System, version 7.05, Hangzhou, China) was used to perform
the statistical analyses. All data were subjected to analysis of variance by one-way analysis of variance
(ANOVA). A post hoc analysis test LSD (least significant difference) was implemented to examine the
significance of different treatment means against a standard control (p = 0.05 or 0.01).

5. Conclusions

In this study, we introduced the concept of SEA and ascertained a broad phenotypic variation
of SEA between the interaction of R. irregularis CD1 and seventeen cotton cultivars. Intriguingly,
we demonstrated that high-SEA is positively associated with the AMF-mediated PGP effects. In this
study, we identified the cotton variety Lumian 1, which possessed the highest SEA and could
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perform well on both growth promotion and disease resistance following mycorrhizal colonization.
These results suggest high-SEA is a key phenotype to accelerate the utilization of AMF that will
contribute to research on the genetic improvement of SEA. The genotypic variation conferring high-SEA
in Lumian 1 merits additional research to characterize this variation. In addition, we confirmed
that the mycorrhizal roots of carrots could release unknown volatile compounds to directly inhibit
the growth of several fungal phytopathogens, which to our knowledge, is a novel AMF-mediated
biocontrol mechanism. The specific antifungal substances derived from the mycorrhizal symbionts
merit additional research to identify these compounds.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/1/241/s1.
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AMF Arbuscular mycorrhizal fungi
PGP Plant growth promotion
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SAR Systemic acquired resistance
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Abstract: Many plant-pathogenic fungi are highly host-specific. In most cases, host-specific
interactions evolved at the time of speciation of the respective host plants. However, host jumps
have occurred quite frequently, and still today the greatest threat for the emergence of new fungal
diseases is the acquisition of infection capability of a new host by an existing plant pathogen.
Understanding the mechanisms underlying host-switching events requires knowledge of the
factors determining host-specificity. In this review, we highlight molecular methods that use a
comparative approach for the identification of host-specificity factors. These cover a wide range
of experimental set-ups, such as characterization of the pathosystem, genotyping of host-specific
strains, comparative genomics, transcriptomics and proteomics, as well as gene prediction and
functional gene validation. The methods are described and evaluated in view of their success in
the identification of host-specificity factors and the understanding of their functional mechanisms.
In addition, potential methods for the future identification of host-specificity factors are discussed.

Keywords: host specificity; plant pathogen; fungi; effector; sequencing; genotyping

1. Introduction

The concept of host-specificity of plant-pathogenic fungi has always intrigued plant pathologists.
Why can some fungal plant pathogens cause disease only in one specific host and not in others; or how
can a fungal pathogen of a particular plant adapt and switch to a new host and thereby become a new
pathogen for the new host, are questions that have shaped and will shape research in plant-fungus
interaction. The term host-specificity refers to the capability of some fungal species or some members
of one fungal species to cause disease only on particular plant species or only on some members of a
specific plant species. Molecular models have been developed to explain the basis of host-specificity,
like the gene-for-gene hypothesis developed by Henry H. Flor following his careful observations of the
interactions of flax with flax rust [1]. According to this hypothesis, incompatible interactions result from
the presence of resistance (R) proteins in the particular plants that recognize specific avirulence (AVR)
proteins of the fungus, which results in successful plant defense against the pathogen. All interactions
of plants carrying a particular R gene with pathogens carrying the corresponding AVR gene would be
incompatible. This model has been refined by the guard and later the decoy models that predict that
the AVR-R interaction is indirect, with the R protein guarding a target of the AVR protein, or guarding
a decoy, a functionally inactive version of the target [1–3]. These models have led to a tremendous
increase in the understanding of plant-pathogen interactions. The second great advancement in this
understanding is the discovery of effectors—small, secreted, variable, genome-encoded proteins of the
pathogens—that are essential to modulate the plant response [3–5]. The realization that effectors can
have virulence and/or avirulence (AVR) functions elegantly links the two concepts and explains the
multitude of observed species-specific effector genes on the pathogen side as well as the multitude of
receptor genes with the role of R proteins on the plant side, by an evolutionary arms race [5,6].
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Is there a difference between host specificity factors and virulence factors? The answer is: yes
and no. It is yes, because some virulence factors are essential for basic and conserved virulence
functions that are necessary for the processes of plant infection. These basic virulence factors,
although essential for virulence of host-specific pathogens on their preferred host plants, do not
contribute to incompatibility with the related plants and are, therefore, not involved in determining
host specificity. However, the answer is also no, because all host-specificity factors should modulate
virulence of the pathogen by either contributing to avirulence on the non-preferred or to virulence
on the preferred host, or both. This means that all host-specificity factors should be virulence factors,
but not all virulence factors are necessarily host-specificity factors.

Are all host-specificity factors effectors? Here the answer is no. While some host-specificity
factors are indeed effectors, like for example the PWT3 and PWT4 effectors of Magnaporthe oryzae [7],
the classical and best-known host-specificity toxins of Alternaria alternata are secondary metabolites
generated by polyketide synthases (PKSs) [8–10]. The PKS genes reside on a conditionally dispensable
chromosome, and transfer of the chromosome containing the PKS necessary for virulence of A. alternata
tomato pathotype to a strawberry pathotype leads to strains able to produce both toxins needed for
infection of tomato and strawberry [11].

While we have a fairly good understanding of host-adaptation in some systems, in others the
mechanism is still unknown. Even if the mechanism can be inferred, identification of the participating
factors is still quite challenging. For example, after knowledge that the Ustilago hordei-barley interaction
is governed by AVR-R gene interactions, it took 32 years to clone an 80-kb region containing AVR1,
and an additional 10 years to identify the gene encoding AVR1 [12–14]. Therefore, powerful methods
are needed for the identification of host-specificity factors to unravel the molecular basis of host
adaptation of phytopathogenic fungi to their plant hosts.

In the following, we review molecular methods that have been employed for the determination
of host-specificity factors. We focus in this review on comparative analyses of two or more different
pathovars, formae speciales, isolates, races or species of plant-pathogenic fungi. Where appropriate,
we also included examples from oomycetes. We excluded from our review studies that investigate the
contribution of individual factors to virulence on one host, even if these factors may be host-specificity
factors. We also largely excluded literature on host-specificity of symbiotic mycorrhiza in spite of
their importance, economic relevance and recent success in the identification of effectors necessary for
plant infection [15]. We present the methods employed in chronological order, starting with methods
for definition and characterization of the pathosystem, methods for genotyping, comparative -omics
techniques like genomics, transcriptomics and proteomics, gene prediction and functional validation
(Figure 1).

These methods are explained and evaluated in view of their success in the identification of
host-specificity factors and the understanding of their functional mechanisms. For a review of known
host-specificity mechanisms and factors, we would like to draw the reader’s attention to previous
reviews [16,17].
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Figure 1. Graphical representation of comparative methods used to determine molecular
host-specificity determinants. Methods starting with a collection of natural fungal isolates (yellow
background) are contrasted to methods starting with segregating populations of defined strains (gray
background). Both starting materials use the same set of analyzing methods.

2. Defining and Characterizing the Pathosystem

Any comparative molecular analysis is dependent on a well-characterized pathosystem. It is,
therefore, not astounding that many studies collected and phenotypically characterized the available
biodiversity of natural fungal isolates. Fungal isolates are collected from different parts of the world e.g.,
from fields of host plants that are infected by the fungus [18,19], or procured from various laboratories
and culture collections [20]. Depending on the necessity and type of infection, fungal specimens
can be isolated from any part of the plant, including infected leaves, stems or inflorescences [21].
After collection, the natural isolates are phenotypically characterized either by determining infection
capability on different host plants coupled with microscopic analysis and analysis of the disease
phenotype [22–34], or by the characterization of physiological traits, like their ability to produce
or degrade various chemicals [29,31,35,36]. This way, various pathosystems were defined, like the
formae speciales of Fusarium oxysporum, of Puccinia, and of Alternaria.

A well-defined pathosystem is the basis of any follow-up comparative analysis. From this
pool of data, two different approaches are followed. In one approach, two isolates with different
host-specificity are crossed or hybridized, generating a segregating population with differential
capabilities to infect one or the other host plant. This segregating population is then analyzed to define
genomic loci associated with differential infection capabilities. In the other approach, the complete
pool of natural isolates is used for phenotypic and molecular analyses to link genomic markers to
phenotypic traits (Figure 1). The approach using segregating populations generated by hybridization
of host-specific isolates will be treated in a separate section below. In most examples, however,
the approach using natural populations was followed.
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3. Using Molecular Markers for Genotyping

To link genomic loci or markers to the host infection-specificity phenotype, many different
methods have been developed that allow a molecular comparative characterization of the different
isolates. These methods include analysis of restriction fragment-length polymorphism (RFLP),
amplified fragment-length polymorphism (AFLP), random amplified polymorphic DNA (RAPD),
micro- and minisatellites, mitochondrial haplotype, internal transcribed spacer (ITS) regions, as well as
of complete proteomes and genome sequences. The advantages and disadvantages of these methods
are summarized in Table 1. Examples of successful use in the genomic characterization of different
fungal isolates are presented below.

Table 1. Method-specific advantages and disadvantages of molecular methods typically used for
comparison of host-specific fungal isolates.

Method 1 Advantages Disadvantages

Restriction fragment-length
polymorphism(RFLP) Can detect allelic variants

Large DNA quantity needed, typically only
1–3 loci detected, usually radioactive
labeling is used

Random amplified polymorphic
DNA (RAPD)

Faster than RFLP, less DNA is needed, can detect
1–10 variant loci, suitable for detection of broad
scale genetic structural differences

Cannot detect allelic variants (heterozygous
alleles or homologous alleles normally give
the same result), less reliable, polymerase
chain reaction (PCR)-dependent assay

Simple sequence repeats;
microsatellites (SSR)

More accurate than RAPD, suitable for
discriminating different subpopulations

Microsatellite markers may not be evenly
distributed in the genome, SSR are located
in non-coding regions, false alleles or null
alleles may be detected due to technical
artifacts, blurry bands may occur

Amplified fragment-length
polymorphism (AFLP) Combines benefits of RAPD and RFLP

Difficult to develop locus-specific marker
(fragment) proprietary technology to score
heterozygous and homozygous

Analysis of mitochondrial DNA
(mtDNA analysis)

Powerful tool for studying inheritance of
mitochondrial genomes, for phylogenetic and
population genetic analysis, for species
identification and barcoding

In uniparental-mtDNA inheritances, no
information about other parent: should be
coupled with genomic-DNA analyses.
In case of mtDNA recombination
(bi-parental inheritance) many analysis not
doable

Sequencing of internal transcribed
spacer regions (ITS sequencing)

ITS1 and ITS2 regions are species-specific and
have large copy numbers, ITS sequencing can be
used in metagenomics studies (meta-barcode),
can be coupled with NGS technique

Limited to discriminate intra- and
intergeneric species

Analysis of protein abundance of
all proteins (proteomics)

Many different techniques available, e.g.,
two-dimensional electrophoresis coupled to mass
spectrometric protein identification, can analyze
vast array of proteins at once, can do high
throughput, high sensitivity possible, relative as
well as absolute protein abundance quantification
possible

Each technique has its own limitation, not
all proteins can be identified by one single
method. Results may be tissue- and
environmental condition-dependent

Sequencing using next-generation
sequencing techniques (NGS
sequencing)

Identify millions of single nucleotide
polymorphisms (SNPs) as well as insertions and
deletions (INDELs) at once

PCR-born false variants, data analysis
needs bioinformatic know-how and
computing power

1 See text for a description of the respective method.

A restriction fragment-length polymorphism (RFLP) is existent if a base substitution in the
genomic DNA occurs within a restriction enzyme-recognition sequence leading to differently sized
restriction fragments. Because a digest of genomic DNA with a restriction enzyme leads to too
many restriction fragments to visualize individual length polymorphisms, the use of labeled probes
hybridizing to specific regions of the genomic DNA is necessary. The probes may cover mating
type genes [37], host-species specific repetitive DNA sequences of the pathogen [38], or fungal
isolate-specific genomic regions [39]. The use of telomere-linked RFLP revealed a specific pattern
for almost every strain of Botrytis cinerea isolated from different host plants from various regions,
which showed the presence of extended polymorphism near telomeres in B. cinerea [40] and was,
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therefore, too specific to link a telomere-RFLP to the host infection phenotype. Identical sequence at the
internal transcribed spacer (ITS) regions of the genes encoding ribosomal RNAs is used to verify close
genetic relationship between isolates [41,42] but can also be used to differentiate host-specific fungal
isolates. An ITS-based RFLP–polymerase chain reaction (PCR) method was successful in distinguishing
different barley- and rye-infecting isolates of Rhynchosporium [43]. RFLP analysis using the 18–28S
ribosomal transcriptional unit from Aspergillus nidulans as the probe revealed similar RFLP patterns
among all pink and gray Colletotrichum isolates regardless of host origin. However, RFLP patterns of
pink isolates were distinct from those of gray isolates [24]. This method was thus shown to be useful to
differentiate two isolates based on initial morphological characterization, later supported by molecular
marker polymorphism. Mitochondrial DNA (mtDNA) RFLP by HaeIII-digestion of total genomic DNA
was used to efficiently differentiate two formae speciales of the Fusarium oxysporum species complex, f. sp.
lycopersici (Fol) and f. sp. radicis-lycopersici (Forl). These two formae speciales—although morphologically
identical and capable of infecting the same tomato cultivar—cause distinct disease phenotypes [44].
PCR amplification of rDNA ITS regions followed by enzymatic digestion to perform RFLP has also
been used to study host preferences of oomycete species within ecologically contrasting sites [45].
RFLP fingerprinting of oomycete isolates was used effectively in Phytophthora infestans to differentiate
different clonal lineages [46,47]. From these examples it becomes clear that while RFLP can be used to
differentiate specific isolates, the use of probes drastically limits the investigated genomic area so that
the identification of an RFLP pattern that correlates with host-specificity depends on serendipity.

A genome-wide and less biased comparative approach is the use of amplified fragment length
polymorphism (AFLP) [48]. In this technique, the genomic DNA is first digested with two different
restriction enzymes, a frequent cutter and a rare cutter. Then specific adaptors are ligated that allow the
PCR-amplification of restriction fragments. The number of amplified restriction fragments is reduced
by extending the primers by 1 or 2 nt into the restriction fragment. To further reduce the number
of amplified restriction fragments, a second PCR with labeled primers follows that extend by 3 to
4 nt into the restriction fragment. In this PCR, hybrid fragments with one rare-cutter adaptor and
one frequent-cutter adaptor are preferentially amplified because two frequent-cutter adaptor primers
form secondary structures that hamper product amplification. Primers with different extensions are
tested to obtain about 50 to 120 amplified fragments, whose template-dependent lengths can then be
compared by gel electrophoresis and label detection. AFLP has been successfully used to differentiate
race composition, race variation and host-specific isolates, such as P. infestans isolates collected from
cultivated potatoes and the native wild Solanum spp. Solanum demissum and Solanum xendinense
in the Toluca Valley of central Mexico, and Magnaporthe grisea isolates associated primarily from
perennial ryegrass and kikuyugrass in golf courses in California [21,49,50]. Host-specific groups
could also be defined according to the AFLP pattern of various endophytic fungi following initial
morphological identification [51]. Blumeria graminis has been classified into eight formae speciales with
different host specificity. rDNA ITS region and β-tubulin gene-based phylogenetic analysis showed
grouping of isolates according to their principal host genus, which was further supported by AFLP
analysis [52]. AFLP data can also be used for the generation of phylogenetic analysis, revealing the
origin of host-specific taxa [20].

A special form of AFLP is the investigation of the mitochondrial DNA (mtDNA) haplotype. In this
technique, certain regions in mitochondrial genomes are first PCR-amplified and then subjected to
restriction-enzyme digestion. mtDNA haplotype analysis has been successfully used to characterize
different isolates of P. infestans [47,50]. The result can reveal whether the population structure is
of monomorphic or polymorphic nature. The mtDNA haplotype has also been investigated in
various geographical isolates of Colletotrichum orbiculare having a common host and in various other
species of Colletotrichum [53]. The data helped to link host specificity with the haplotype pattern,
thereby suggesting a way to recognize different host-specific isolates.

Random amplified polymorphic DNA (RAPD) is a PCR-based method that does not rely on
restriction enzymes. A 10 nt primer of arbitrary sequence is used to amplify random segments of
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genomic DNA. This method has been widely used to identify and isolate molecular markers specific
to a particular fungus, thereby helping in diagnosis of fungal infection in symptomless plants [54,55].
RAPD was used to characterize the genetic differentiation and correlation with host specificity among
Alternaria spp. that cause brown spots on different Citrus spp. [26,56]. In F. oxysporum, a robust
RAPD protocol was developed to identify economically important strains infecting specific hosts [57].
The RAPD technique was also used to discriminate between isolates of different host-specialized
Rynchosporium species [58]. In U. hordei, RAPD was used in combination with microsatellites (see
below) to assess genetic variation among different isolates in Tibetan areas of China [59]. In addition,
RAPD has also been used as a tool to differentiate formae speciales of Microbotryum violaceum and to
characterize the genetic diversity of the Italian population of Ceratocystis fimbriata f. sp. platani [60,61].
Although RAPD is a more unbiased technique covering a larger part of the fungal genome, the method
has issues with reproducibility. Therefore, it is usually only used in combination with other markers,
like micro- or mini-satellites.

Satellite DNA was first observed as a less-dense band of DNA clearly separated from the bulk
of chromosomal DNA during density-gradient centrifugation. Microsatellites or simple sequence
repeats (SSR), and their longer cousins, the minisatellites, consist of AT-rich repetitive DNA that
seem to have a higher mutation rate resulting in a larger genetic diversity than other genomic
regions. This genetic diversity can be used to discriminate different fungal isolates by PCR-amplifying
the repetitive DNA [62]. Microsatellites have been found to be more informative for genotyping
isolates from different hosts of the necrotrophic fungus Botrytis cinerea than RFLP patterns of the
ADP-ATP translocase and nitrate reductase genes or MSB2 minisatellite sequence data [63]. In a study
of the anther smut fungus M. violaceum, genetic diversity in sympatric, parapatric and allopatric
populations of two host species was found using four polymorphic microsatellite regions [64].
In Pyrenophora semeniperda, that was shown to lack host specialization, weak yet significant population
genetic structures as a function of host species could be observed by the use of seven polymorphic
microsatellite loci [34]. Thus, the investigation of the diversity in microsatellite loci is a very sensitive
tool to discriminate between different fungal isolates and to visualize even weak associations. However,
microsatellite diversity has not yet been shown to be causally related to host specificity.

Other repetitive elements like retrotransposons or transposable elements have also been used for
the characterization of host-specific fungal isolates. When using the reverse transcriptase gene of the
LTR-retrotransposon CfT-l from Cladosporium fulvum as a probe, different formae speciales of F. oxysporum
could clearly be differentiated [65]. PCR-detection of two transposable elements revealed different
population structures of B. cinerea on a variety of different host plants [66].

It seems that a large number of different techniques have been developed that allow for molecular
comparison of different organisms. Of the described techniques, AFLP and microsatellites seem to
be the most sensitive methods to molecularly discriminate fungal isolates for which no or only very
little sequence information is available. However, most studies using these methods did not come
up with a clear genomic link to host-specificity of the investigated fungal strains. This means that
other, even more precise techniques are needed to decipher the molecular basis of host-specificity.
Here, the field has profited tremendously from the development of the next-generation sequencing
(NGS) techniques that now allow cost-effective genome sequencing and data assembly of large
fungal genomes. Since they have become available, the use of -omics (genomics, transcriptomics,
and proteomics) approaches highly outnumber the use of the classical comparative approaches
described above (Figure 2).
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Figure 2. Hits of the search terms in the PubMed data base sorted by year of publication between 1967
and 2017. The -omics techniques, despite their relatively recent appearance and relatively high cost in
comparison to other techniques, are increasingly popular. Analysis of micro- and minisatellites is still
popular. The search terms were as follows: “Restriction fragment length polymorphism, RFLP analysis
AND population genetic” for RFLP, “RAPD analysis AND population genetic“ for RAPD, “Amplified
fragment length polymorphism; AFLP analysis AND population genetic” for AFLP, “mitochondrial
DNA; mtDNA; mitochondrial DNA Analysis AND population genetic” for mtDNA, “ITS1/ITS2;
ITS1 OR ITS2 analysis“ for ITS1/ITS2, “Micro/Minisatellite repeats OR micro/minisatellite analysis
AND population genetic“ for Micro/Mini, and “High throughput nucleotide sequencing, OR next
generation sequencing analysis AND population genetic” for omics.

4. Comparing Whole Genome Sequences

One of the first eukaryotic genomes sequenced using next-generation sequencing techniques
was that of Sporisorium reilianum f. sp. zeae, a close relative of Ustilago maydis. Both cause smut
disease of maize but induce quite distinct symptoms. Genome comparison revealed that both
genomes were highly syntenic but contained so called “divergence clusters” containing genes with
below-average sequence conservation between the two organisms [67,68]. Within these divergence
clusters, a high percentage of genes encoded proteins containing predicted secretion signal peptides
and were thought to be involved in interaction with the plant, thereby explaining their increased
evolution rate. Deletion analysis of complete cluster regions in U. maydis confirmed the role in
virulence for four of six randomly selected clusters [67,68]. Genome sequencing of the related barley
smut pathogen U. hordei allowed comparison with an organism showing a similar infection strategy as
S. reilianum and being virulent on a different host plant. The three-way genome comparison revealed
among others that most of the weakly conserved genes present in the S. reilianum/U. maydis divergence
clusters have weakly conserved homologs in U. hordei [67,68], which supports the proposition
that these proteins could play a function in adaptation to different hosts or lifestyles. Sequencing
of the Sporisorium scitamineum genome allowed a four-genome comparison of effector genes [69].
This comparison revealed that evolution of effector-encoding clusters is driven by tandem gene
duplication and the activity of transposable elements, and supports the conclusions drawn from
analysis of the U. hordei genome [67–69]. Thus, genome comparison of smut fungi so far has resulted
in lists of genes potentially encoding host-specificity factors.

Interesting gene candidates with a suspected role in host-specificity were also obtained
when comparing the genomes of the closely related species Colletotrichum graminicola and
Colletotrichum sublineola [70]. The main differences of the otherwise very similar genomes were found
in genes for biosynthesis of specialized secondary metabolites and of small secreted protein effectors.
However, whether these genes indeed contribute to host selection has yet to be tested. Key enzymes of
fungal secondary metabolism and effector proteins were identified as potential host-specificity factors
by genome comparison of Rhynchosporium species [71], and of members of the Fusarium fujikuroi species
complex, where species-specific and isolate-specific differentiation in secondary metabolite-producing
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genes both in composition and expression were detected [72]. The comparison of whole genome
sequences of four different strains of the C. acutatum species complex showed that changes in gene
content were related to changes in host range with lineage-specific gene losses and gene-family
expansions [73]. Gene loss was also suggested as a cause of fungal adaptation to a new dicot host after
a host jump from a monocot plant by the smut fungus Melanopsichium pennsylvanicum. When compared
to the genomes of three other smut fungi, M. pennsylvanicum was found to lack putative effector
genes [74]. In addition to putative effectors, comparative whole genome and transcriptome analyses of
Lasiodiplodia theobromae and five other Botryosphaeriaceae pathogens causing opportunistic infections in
woody plants identified two in-planta expressed lignocellulose genes, whose overexpression increased
virulence of the pathogens [75].

In a genome comparison study of the three species Fusarium graminearum, Fusarium verticillioides
and F. oxysporum f. sp. lycopersici (Fol) lineage-specific (LS) genomic regions and LS chromosomes
were discovered [76]. The authors of the study could prove experimentally that the presence of Fol
LS chromosome 14 provides specificity for Fusarium adaptation towards the tomato [76], limiting the
search for host-specificity factors to a single chromosome. This information was used in a recent study
where the genomes of three legume-infecting formae speciales of F. oxysporum were compared to the
genomes of the tomato-infecting Fol and the pea-infecting Fusarium solani. Combining comparative
genome analysis with predicted LS gene content and in-planta transcription analysis revealed
four candidate effectors conserved among legume-infecting formae speciales [77]. Clustering of
presence/absence patterns of candidate effector genes following whole genome sequencing of five
different formae speciales of F. oxysporum showed clustering of members of the same forma specialis [78]
suggesting that effectors contribute to host specificity. This confirms and extends earlier reports of
an association of the three secreted in xylem (SIX) effectors SIX1, SIX2 and SIX3 with tomato-infecting
isolates [79], and of the suitability of the presence/absence determination of SIX1 to SIX5 as a robust
method to differentiate different formae speciales [80].

For the identification of effectors, sequencing of RNA or cloning of expressed sequence tags (ESTs)
can be very helpful. Sequencing of about 2000 cloned ESTs from C. lentis-infected lentil leaf tissues
enabled annotation of 15 candidate effectors. Infection stage-specific gene expression was observed
for the candidate effectors. One candidate effector, CICE6, was found to carry a single nucleotide
polymorphism (SNP) that could be used efficiently to differentiate between two pathogenic races of
C. lentis [81]. Comparison between transcriptional profiles of two races of F. oxysporum f. sp. cubense
revealed a remarkably different gene-expression profile in response to a host cell wall [82] suggesting
that differences in gene expression could contribute to host-specificity.

Without being exhaustive, this enumeration already shows that the field has profited
tremendously from the development of next-generation sequencing techniques. While the classical
methods described above using molecular markers have been mostly used for the characterization of
host-specific isolates, no precise gene candidates have resulted. In contrast, genome comparison that is
sometimes coupled to a comparison of the transcriptional profile, has often resulted in the identification
of genomic regions, and sometimes even of genes that are associated with adaptation to a specific host.
These genomic regions and these gene lists, therefore, contain strong candidates for the determination
of host-specificity. It seems that the methods depending solely on molecular markers are not precise
enough to result in the prediction of genes associated with a certain host-infection phenotype.
Novel methods, like diversity array technology sequencing (DArTseq) have been developed that
combine mapping technology with next-generation sequencing. In DArTseq, different restriction
enzymes are used to cut the genomic DNA prior to sequencing, which separates the low-copy number
DNA from repetitive sequences that are cut to small pieces. The combination of precise mapping of the
avirulence phenotype on a certain wheat cultivar with gene-expression data in infected plant tissue
resulted in the successful identification of AvrStb6 as responsible for avirulence of Z. tritici IPO323 on
wheat cultivar Shafir [83]. Therefore, when aiming at identifying the responsible genes for host-specific
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infection, it is much more promising to resort to genome sequencing, to do genome comparison and to
couple this data to the analysis of gene-expression profiles.

5. Comparing Complete Proteomes

An alternative approach to genome comparison and transcriptome analysis for the identification
of proteins involved in host-specificity determination is the direct comparative analysis of the fungal
proteomes. Several studies have compared the proteomes of different isolates or species with the
idea of identifying proteins crucial for host-specificity. Tandem mass spectrometry was used as a
tool to compare the proteomes of hyphae and germinating cysts of two closely related oomycetes,
Phytophthora pisi and Phytophthora sojae, that cause disease on pea and soybean, respectively [84].
A global proteomic comparison of mycelium and germinating cysts was done in two other oomycete
plant pathogens, Phytophthora ramorum and P. sojae [85]. A proteome comparison was also done with
uredospores from two different populations of the rust fungus Puccinia psidii isolated from eucalyptus
leaves and guava fruits [86]. Mycelial proteins from isolates of the brown rot fungus Monilinia laxa
were obtained from apples and apricots, and were separated by 2-D gel electrophoresis, followed by
LC-MS/MS of identified differentially expressed proteins [87]. In all of these studies, clear differences
in the fungal proteomes were observed, and detected species- or population-specific proteins were
suspected to have a role in host adaptation. However, the lists were long, and a causal connection of
identified proteins to host specificity has not yet been shown.

One problem of comparing proteomes of infected plant material is that a high number of plant
proteins may be differently expressed or differently modified because the two investigated fungal
strains behave differently on the plant, rather than the different plant protein profiles being the
reason for the different behavior of the fungal strains. Therefore, identifying fungal determinants of
host-specific proliferation will be a difficult task to solve by proteome comparison alone.

Global comparative approaches have brought the scientific community much closer to the goal of
identifying host-specificity factors by providing lists of genes or proteins that have a high probability
of being involved in host adaptation. The follow-up of these approaches would now consist of testing
individual high-probability candidates for their specific contribution to host selection. This can be
challenging, especially if genetic tools for the investigated system are not yet available, or if lists
contain several dozens of putative candidates. Success of the follow-up experiments will depend a
great deal on the predictive quality of these lists, which will increase with closer relatedness of the
compared pathogen genomes.

6. Investigating Segregating Populations

One way to overcome the problem of having to test candidates from long lists of putative
host-specificity factors that have a certain possibility of being involved in host adaptation, is to
investigate a well-defined population that segregates for the host-infection phenotype. The easiest
method to obtain such a well-defined population is to generate it by targeted hybridization experiments
or genetic crosses of closely related fungal isolates that differ in their infection phenotype.

Hybrids have been investigated before the knowledge of genome sequences. Mating compatible
isolates of Colletotrichum gloeosporioides with different host specificities were crossed, and ascospore
offspring were analyzed for virulence and RFLP patterns. However, no correlation between
pathogenicity to the parental hosts and presence/absence of any RFLP marker could be found [88]. In a
comparative study of various host-specific Ascochyta species, interspecific crosses could be obtained,
and offspring analysis showed that AFLP markers segregated freely. While not being able to assign
specific AFLP markers to host infection capacity, it was speculated that host-specificity may contribute
to speciation [28]. F1 progeny of a cross of two Leptosphaeria maculans isolates that differed in their
capacity to cause disease on Brassica juncea, were used to create a genetic map of different AFLP
and RAPD markers as well as the mating type and a host-specificity locus that could be placed on
the end of chromosome 9 [89]. Hybrids of M. oryzae isolates from rice and wheat were generated
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and the resultant F1 population was tested on wheat for pathogenicity [90]. The segregation ratio
of avirulent to virulent offspring provides information of the number of loci involved. In this case,
a ratio of 7:1 led to the prediction of three loci being involved in avirulence of the M. oryzae rice isolate
on wheat. Allelism tests could associate two known loci, Pwt2 to papilla formation and Pwt1 for
hypersensitive reaction. The third locus did not correlate with any known loci and was, therefore,
named Pwt5 [90]. In a F1 population of a cross between wheat- and foxtail millet-pathogenic M. grisea,
virulent isolates segregated in a 1:1 ratio on foxtail millet cultivars Beni-awa and Oke-awa but not on
cultivar Kariwano-zairai, suggesting that specificity of M. grisea toward foxtail millet is governed by
cultivar-dependent genetic mechanisms like gene-for-gene interactions [91].

Since these studies were all conducted without the knowledge of the genome sequences, it is
conceivable that the combination of genome sequencing and the investigation of defined segregating
populations will either allow much faster genome map-based cloning or, through the sequencing
of complete populations, allow high-resolution single nucleotide polymorphism (SNP) mapping of
host-specificity traits. Creating genetic linkage maps in fungi is an underdeveloped but potentially
important field that is expected to gain future attention in the light of whole genome sequencing [92].
In this light, we have started to analyze hybrids of two compatible formae speciales of the head smut
fungus S. reilianum, S. reilianum f. sp. zeae (SRZ) and S. reilianum f. sp. reilianum (SRS) that either
infect maize (SRZ) or sorghum (SRS). On each other’s hosts, both fungi can colonize but do not cause
smut disease [93]. A population of meiotic progeny (SRSZ) of a mating event between SRS and SRZ
was generated and for each individual strain the virulence potential on sorghum was tested and
varied greatly between individuals (unpublished). To associate the virulence phenotype on sorghum
to particular genomic-regions, about 190 strains were selected for genome sequencing. Mapping of
sequencing reads to the parental genomes confirmed the presence of mosaic genomes in the offspring
(unpublished). A detailed genome analysis will show whether specific parental genomic regions can
be associated with the virulence phenotype on sorghum (Figure 3). As soon as such an associated
region is known, knowledge of the genome sequence will allow direct prediction of candidate genes
for validation of their role in determining host-specificity.

Figure 3. Strategy for identification of host-specificity factors using segregating populations of a
hybridization event between two host-specific individuals. Virulence capacity of each offspring on
one or both hosts is individually determined. Genome sequencing of fully virulent and avirulent
offspring reveals parental origin of the mosaic genomes. Associating the parental origin of specific
genomic loci to the virulence phenotype should lead to identification of genomic regions linked to
host-specific virulence.
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7. Validating Functional Contribution to Host-Specificity

Generating lists of the best potential candidates for involvement in host-specificity determination
is already a great step forward. However, the goal is to show that a given candidate has indeed a
role in host-specificity. Validation of a functional involvement of a specific candidate gene could be
done by the generation of gene deletion or overexpression strains and monitoring of the mutant’s host
preference. As mentioned above, this can be a challenging task. In a few cases, functional validation
was done and showed a clear relationship of the identified genes with host-specificity.

In many cases, genes involved in host-specificity were identified as a part of classical AVR-R
gene interactions. For example, using crosses of M. grisea strains infecting different grass species,
single genes that determine specificity towards the host weeping lovegrass (Eragrostis curvula) have
been identified [94] and were shown to be part of a gene family [95]. The inability to infect weeping
lovegrass could be associated with one member of the gene family, PWL2, where frequently occurring
loss-of-function mutations of PWL2 led to spontaneous pathogenic mutants [96]. Thus, PWL2 has
all the characteristics of a classical avirulence gene. AVR1-CO39 of M. oryzae is another avirulence
gene involved in host-specificity. The transfer of AVR1-CO39 to a rice-pathogenic isolate resulted in
transformants unable to cause disease on the rice cultivar CO39, while the rice cultivar 51583 that lacks
the resistance gene Pi-CO39(t) could still be infected [97].

In other cases, lacking complementation of deleted virulence genes by orthologous genes from
related species suggested a role in host-specific virulence. For example, the SIX1 gene of F. oxysporum f.
sp. lycopersici (Fol) was found to be necessary for full virulence of Fol on susceptible tomato but was also
recognized by the I-3 resistance gene, leading to avirulence on I-3 tomato lines [98,99]. A homolog of
SIX1 was found to be responsible for virulence of F. oxysporum f. sp. conglutinans (Foc) on cabbage [100].
Interestingly, virulence of the Foc-SIX1 deletion mutant on cabbage could be restored by reintroduction
of SIX1 of Foc but not of Fol. This suggested a host-specific virulence role for Fol-SIX1 [100]. Similarly,
virulence of mutants of the wheat pathogen Zymoseptoria tritici carrying deletions in the Zt80707 or the
Zt89160 virulence genes, could be complemented with the respective genes from Z. tritici, but not with
the respective orthologs from Zymoseptoria pseudotritici or Zymoseptoria ardabiliae [101] suggesting that
the identified genes are involved in host-specific disease development.

In fungi where host specificity is governed by host-selective toxins, validation was done
by heterologous expression of the toxin biosynthesis gene in a related species. For example,
in the strawberry pathotype of A. alternata, transformation-mediated loss of the 1.05-Mb
conditionally dispensable chromosome encoding all known toxin biosynthesis genes led to
non-pathogenicity [9], which validated the role of the dispensable chromosome in host-specific
pathogenicity. In Alternaria citri, mutation of a gene encoding an endo-polygalacturonase led to
a reduction in virulence, while virulence was unchanged in mutants of A. alternata rough lemon
pathotype lacking the same gene [102]. This showed that a cell-wall degrading enzyme contributes
to virulence of one but not of the other pathotype. In contrast, PbToxB of the bromegrass pathogen
Pyrenophora bromi, a homolog of the known host selective toxin PtrToxB from the wheat pathogen
Pyrenophora tritici-repentis, was unexpectedly shown not to be toxic on bromegrass but on wheat,
indicating that P. bromi has the potential to become a wheat pathogen [103].

These few examples and the surprises they contained illustrate the importance of validation
experiments for genes suspected to have a role in host-specificity. Without knowledge of their
contribution to host-specific virulence, it is impossible to generate meaningful hypotheses about
potential mechanisms.

8. Deciphering Functional Mechanisms of Host-Specificity

Knowing the mechanisms that govern host-specific virulence capacities is the ultimate goal
in plant-pathogen interaction research. The understanding gained allows the generation of novel
plant-protection strategies and ever more reliable prediction of the danger of a particular fungus
being involved in future disease outbreaks in novel hosts. In a few cases, more than just the
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virulence/avirulence-causing gene of the pathogen is known, which allows a better understanding of
the basic mechanisms involved in host-specific interactions.

In P. infestans, virulence towards potato was shown to depend on the function of the RXLR
effector AVR3a in inhibiting enzyme activity of the host ubiquitin proteasome system (UPS) [104].
When studying host adaptation of P. infestans and its Mirabilis jalapa-infecting sister species P. mirabilis,
a single amino-acid polymorphism was identified in the host protease and a corresponding single
amino-acid change in the pathogen effector as being responsible for virulence of their respective
host plants, explaining ecological diversification [105]. In the case of A. alternata, the contribution of
toxins to host-specific virulence success has been thoroughly proven. Unfortunately, this does not
yet explain why a particular toxin would allow virulence only on a particular host plant. For the
ACR toxin necessary for virulence of the A. alternata rough lemon pathotype, part of the functional
mechanism was unraveled. Toxicity on rough citrus (Citrus jambhiri Lush.) was found to depend on
the differential post-transcriptional processing of transcripts of the mitochondrial ACRS (ACR-toxin
sensitivity) gene, which is present in both toxin-sensitive and toxin-insensitive citrus but processed to
shorter transcripts in mitochondria of insensitive plants [106]. This work showed that host specificity
of the rough lemon pathotype of A. alternata towards its host is due to altered mitochondrial RNA
processing. In Alternaria brassicicola, that causes black spot on Brassica plants, the essential contribution
of the AB-toxin to virulence is well known. It was shown that a host-derived factor, an oligosaccharide
of 1.3 kDa, secreted from the plant just after A. brassicicola spore germination, was necessary to induce
AB-toxin production [107] showing the involvement of a host-derived factor in the production of
host-selective toxins.

9. Conclusions

A plethora of methods has been developed to help in the identification of host-specificity
factors. While most molecular methods are excellent for describing molecular differences between
host-selective strains, few are suited for rapid comparative identification of genes involved in
host-specificity. With the development of next-generation sequencing technologies, at least the
relatively rapid prediction of potential target genes now becomes possible. However, prediction alone is
not enough. Without validation of functional involvement in host-specificity, the underlying functional
mechanisms cannot be resolved. Resolving functional mechanisms is still a slow and challenging task,
involving rigorous scientific work and extensive experimentation.

In most cases, in spite of great progress in the description of molecular differences of host-specific
strains and in the prediction of genes possibly involved in host selection, we are still far from
understanding how host-specific infection is achieved. What is the reason for this apparent lack
of progress? Are the available methods insufficient? Do researchers just not search hard enough?
Rapid identification of host-specificity factors could be hampered by the specific characteristics of
the investigated system. So far, host-specificity factors have been identified only in systems where
host-specificity depended on a single gene. However, this might not represent the majority of the
cases, and adaptation might depend on more than just the presence of one gene or one altered amino
acid in the other systems. In a lot of cases, secreted fungal proteins were suspected to modulate
interaction with the plant and be the reason for being able to spread only on a specific host plant.
However, this might not be a general solution. Most genes identified as being under positive selection
pressure in the two formae speciales of S. reilianum encoded proteins that are internal to S. reilianum [108],
suggesting that the capacity to proliferate successfully on a specific host might depend on adapted
metabolic capacities. On the other hand, it could be that host-specific differences are explained not by
the presence of particular genetic markers in the host-specific strains but are dependent on host-specific
gene expression. In this case, identification of host-specificity factors will likely not be successful
if considering only genome sequences for comparison, and gene-expression changes may need to
be considered. Host-specific changes of fungal gene expression might not even be encoded in the
pathogen genomes. As was shown in the B. cinerea-Arabidopsis thaliana interaction, small RNAs of
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the plant may migrate into the pathogen to regulate fungal gene expression [109]. If this turns out to
be a general principle, most of the molecular comparative studies aimed at identifying host-specific
molecular differences in the fungal pathogens are doomed to fail.

In spite of significant progress, the battle for understanding the principles of host selection in
fungal plant–pathogen interaction is not yet won. A variety of comparative methods is available
to help in the identification of host-specificity factors. An intelligent combination of classical
genetics and next-generation sequencing in the consideration of gene-expression changes of both
the pathogen and host may be needed in order to unravel the mechanistic basis of host-specificity of
plant-pathogenic fungi.
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Abstract: (1) Background: Plant pathogenic fungi often display high levels of host specificity and
biotrophic fungi; in particular, they must manipulate their hosts to avoid detection and to complete
their obligate pathogenic lifecycles. One important strategy of such fungi is the secretion of small
proteins that serve as effectors in this process. Microbotryum violaceum is a species complex whose
members infect members of the Caryophyllaceae; M. lychnidis-dioicae, a parasite on Silene latifolia,
is one of the best studied interactions. We are interested in identifying and characterizing effectors
of the fungus and possible corresponding host targets; (2) Methods: In silico analysis of the
M. lychnidis-dioicae genome and transcriptomes allowed us to predict a pool of small secreted proteins
(SSPs) with the hallmarks of effectors, including a lack of conserved protein family (PFAM) domains
and also localized regions of disorder. Putative SSPs were tested for secretion using a yeast secretion
trap method. We then used yeast two-hybrid analyses for candidate-secreted effectors to probe a
cDNA library from a range of growth conditions of the fungus, including infected plants; (3) Results:
Roughly 50 SSPs were identified by in silico analysis. Of these, 4 were studied further and shown
to be secreted, as well as examined for potential host interactors. One of the putative effectors,
MVLG_01732, was found to interact with Arabidopsis thaliana calcium-dependent lipid binding
protein (AtCLB) and with cellulose synthase interactive protein 1 orthologues; and (4) Conclusions:
The identification of a pool of putative effectors provides a resource for functional characterization
of fungal proteins that mediate the delicate interaction between pathogen and host. The candidate
targets of effectors, e.g., AtCLB, involved in pollen germination suggest tantalizing insights that
could drive future studies.

Keywords: biotrophic pathogen; anther smut; fungal effectors; Microbotryum violaceum

1. Introduction

During fungal infection of plants, a number of fungi secrete small proteins that serve to
manipulate host responses and downstream events in host development during infection. Often
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such proteins allow biotrophic fungi to evade host defenses, but they can also redirect development
so as to specifically benefit the fungus. Such proteins have been termed “effectors”, and many share
common characteristics among different fungi [1,2]. For instance, for oomycete pathogens, such as
Phytophthera species, or rust species (e.g., Melampsora lini), small secreted proteins (SSPs) are secreted
from specialized structures called haustoria that penetrate host plant cells to draw nutrients from
their hosts. Such fungal effectors are SSPs that bear an N-terminal signal peptide; the effectors are
usually unique to the pathogen. Most effectors are cysteine-rich and share no sequence similarity
with other known proteins, thus revealing the specialized arsenal that each pathogen possesses and,
most likely, their association with the specificity of the pathogen for its host. Some effectors are
translocated directly from the infection structures, i.e., haustoria or appressoria, into plant cells, while
others interact with host cell receptors and get internalized into the cell [1]. Some studies suggest
that secreted proteins can act as structural effectors that could accumulate at the host/pathogen
interface and stabilize the fungal filaments [2]. However, the mechanism of how these effectors work
in the entry into the plant cell or in the proliferation of the fungus inside the host has yet to be fully
elucidated. Microbotryum lychnidis-dioicae is an obligate biotrophic basidiomycete smut fungus and is a
member of the Microbotryum violaceum species complex that infects members of the Caryophyllaceae
family. M. lychnidis-dioicae infects the dioecious host plant, Silene latifolia. The fungal life cycle begins
when the fungal spores are disseminated by wind or pollinator species and land on a suitable host.
The diploid teliospores then undergo meiosis to produce yeast-like haploid sporidia that reproduce by
budding. Conjugation takes place between sporidia of opposite mating type, under suitable conditions,
such as low nutrients and cool temperatures. Conjugation results in the formation of an infectious
dikaryotic hypha that is stabilized by host cues, allowing the fungus to produce an appressorium
and penetrate the host tissue. The fungus overwinters in the meristematic tissue; infection becomes
systemic in the following year, producing diseased flowers, in which the pollen has been replaced with
fungal spores, thus rendering the male plants sterile. It is thus commonly referred to as the “anther
smut” [3]. Karyogamy occurs in the dikaryotic hyphae resulting in the formation of diploid spores,
thus completing the life cycle. The fungal life cycle thus exhibits both a saprobic haploid phase and
a parasitic dikaryotic/diploid phase. The disease also aborts the development of female organs in
female host plants. Moreover, the female plants develop immature male reproductive anthers, making
this one of the most interesting cases of parasitic modification of host floral organs. Linnaeus was the
first to notice the smut-induced anthers in the female host plants [4]. Since pollination drives disease
transmission, anther smut is considered as a plant sexually transmitted disease (STD) [5].

Recently, the genome sequence and transcriptomes of M. lychnidis-dioicae and its interaction with
the host S. latifolia have been produced [6]. However, there have been no experimental data provided
to explain how this fungus can divert the host resources for its own propagation and survival. Here,
we provide the first study to examine the function of the candidate proteins, i.e., the putative effectors
that might be involved in the pathogenicity of this group of fungi.

2. Results

2.1. In Silico Analyses to Identify Potential Effectors

To provide a conservative estimate of proteins secreted by Microbotryum lychnidis-dioicae, several
bioinformatic tools were employed, and only those proteins that passed all measures used were
retained in the list of predicted secreted proteins (Table S1). Out of 7364 proteins, 279 were identified to
have a signal peptide; from this group, 71 predicted proteins were smaller than 250 amino acids
(hereafter referred to as small secreted proteins, SSPs). Of these, 46 appeared to be unique to
M. lychnidis-dioicae or to the Microbotryum complex, and 60 lacked identifiable PFAM domains. Among
the SSPs, 19 were also significantly upregulated during plant infection, suggesting that these may play
a role during those stages of the fungal lifecycle and in pathogenicity [7].
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2.2. Intrinsic Disorder in Predicted Small Secreted Proteins (SSPs)

Intrinsic disorder is known to play an important role in protein-protein interactions [8–14];
intrinsically disordered proteins (IDPs), hybrid proteins containing ordered domains, and intrinsically
disordered protein regions (IDPRs) are common among pathogenic microbes [15], and play a number
of roles in pathogen-host interactions [16,17]. Accordingly, we analyzed the overall intrinsic disorder
predisposition of the 49 predicted secreted proteins from M. lychnidis-dioicae upregulated during
infection, using a set of established disorder predictors from the PONDR family (PONDR® VSL2 [18],
PONDR® VLXT [19], PONDR® VL3 [20], and PONDR® FIT [21]). We also used the ANCHOR
algorithm [22,23] to evaluate the presence of the disorder-based protein-protein interaction sites,
molecular recognition features (MoRFs), i.e., regions that might undergo the binding-induced
disorder-to-order transition. Results of these analyses are summarized in Supplementary Materials,
Table S2. These results draw a picture of an impressive prevalence of intrinsic disorder in the
M. lychnidis-dioicae SSPs. In fact, all putative effectors have regions of intrinsic disorder, and many
of the effectors are very disordered. In particular, 11 effectors (22.4%) can be classified as mostly
disordered, since they have >50% disordered residues; 19 effectors (38.8%) are highly disordered,
possessing between 30 and 50% of disordered residues; 18 effectors (36.7%) are moderately disordered,
since they have between 10% and 30% disordered residues; and just one protein (2.1%) has less
than 10% disordered residues and therefore is mostly ordered. These values for disorder content are
very high even for a eukaryotic organism and are rather atypical for groups of proteins that are not
specifically selected for disorder. Furthermore, many effectors have disorder-based binding sites or
MoRFs (i.e., sites that are disordered in the unbound state and undergo disorder-to-order transition at
interaction with the binding partners). Finally, several effectors have more than one MoRF, suggesting
that they can be engaged in interaction with multiple partners or, being engaged in interaction with one
partner, utilize multivalent “wrapping around”-type binding mode. It is likely that the exceptionally
high disorder levels and the presence of MoRFs can simplify interactions of these pathogenic effectors
with host proteins or play some other role in regulation of the SSP functionality.

In line with the hypothesis that intrinsic disorder can be of functional importance for the SSPs
from M. lychnidis-dioicae, Figure 1 represents in-depth analysis of the intrinsic disorder predisposition
of four putative effector proteins that were up-regulated during infection and were shown to have
important functions (Sections 2.3 and 2.4 for the detailed functional characterization of these proteins).

The corresponding disorder profiles were by the overlay of the outputs of six commonly used
disorder predictors, PONDR® VSL2 [18], PONDR® VLXT [19], PONDR® VL3 [20], PONDR® FIT [21],
as well as IUPred_short and IUPred_long [24]. Furthermore, for each of these four proteins, mean
per-residue disorder probability was calculated by averaging disorder profiles generated by the
individual predictors. The use of consensus for evaluation of intrinsic disorder is motivated by
empirical observations that this approach usually increases the predictive performance compared to
using a single predictor [25–27]. Figure 1 clearly shows that these four proteins are characterized by
high levels of predicted disorder that range (as per the outputs of PONDR® VSL2 analysis) from 22.4%
in MVLG_01732 to 61.0% in MVLG_06175, to 64.3% in MVLG_05720, and to 79.4% in MVLG_04106.
According to the PONDR® VSL2-based analysis, there are four IDPRs in MVLG_01732 (residues 1–2,
40–50, 128–142 and 150–156) and three IDPRs in MVLG_04106 (residues 1–3, 25–37, and 39–107),
whereas MVLG_06175 and MVLG_05720 have two IDPRs each (residues 1–4 and 51–118 and residues
1–3 and 50–129, respectively). Furthermore, according to the ANCHOR analysis, each of these four SSPs
might have at least one MoRF (residues 145–153 in MVLG_01732, residues 113–118 in MVLG_06175,
residues 7–12 in MVLG_05720, and residues 3–12 in MVLG_04106). The presence of MoRFs in these
proteins was also analyzed by MoRFCHiBi, which is a new computational approach for fast and
accurate prediction of MoRFs in protein sequences. This analysis showed that although there is no
MoRFCHiBi-identified MoRF in MVLG_01732, this protein has two regions with some potential to
act as MoRFs (residues 29–39 and 139–156). Similarly, there are no MoRFCHiBi-identified MoRFs in
MVLG_05720, which, however, have four regions with some potential to act as MoRFs (residues 1–14,
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66–76, 97–104, and 120–129). On the other hand, MVLG_06175 has two MoRFs (residues 97–111 and
113–118), and almost the entire chain of MVLG_04106 can act as disorder-based binding region, since
this protein has two MoRFs, residues 1–70 and 87–104, that cover almost 83% of its sequence.

Figure 1. Evaluating intrinsic disorder propensity of protein effectors (A) MVLG_04106;
(B) MVLG_05720; (C) MVLG_06175 and (D) MVLG_01732 by a series of per-residue disorder predictors.
Disorder profiles generated by PONDR® VLXT, PONDR® VL3, PONDR® VSL2, IUPred_short,
IUPred_long, and PONDR® FIT, are shown by black, red, green, yellow, blue, and pink lines,
respectively. Dark red dashed line shows the mean disorder propensity calculated by averaging
disorder profiles of individual predictors. Light pink shadow around the PONDR® FIT shows error
distribution. In these analyses, the predicted intrinsic disorder scores above 0.5 are considered to
correspond to the disordered residues/regions, whereas regions with the disorder scores between
0.2 and 0.5 are considered flexible.

2.3. Yeast Secretion Trap to Verify the Secretory Nature of Predicted Effectors

We used Yeast Secretion Trap (YST) [28], a molecular genetic approach, to confirm the
secretory nature of a small subset of the SSP putative effector proteins (MVLG_01732, MVLG_04106,
MVLG_05720, and MVLG_06175; Table 1), each of which was also up-regulated during infection.
Three of these proteins were also Cys-rich (MVLG_04106, MVLG_05720, and MVLG_06175), another
hallmark of effectors in a number of fungal species [29]. YST employs a mutant strain of yeast, SEY
6210, that has a deletion in the SUC2 locus encoding the enzyme, invertase. Invertase catalyzes
hydrolysis of the disaccharide, sucrose, to glucose and fructose, so that the yeast cell can then take up
glucose and metabolize this sugar. Thus, the SEY 6210 mutant yeast strain is normally unable to grow
on media where sucrose is the sole carbon source. The method uses a vector, pYSTO-0, bearing the
coding region of Suc2 invertase without its signal peptide and its start codon. The protein of interest
can be cloned as a translational fusion protein with the invertase driven by a constitutive promoter
from ADH1. If the protein of interest is secreted, this will result in the reconstituted functional activity
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of the invertase and enable the yeast cells to grow on sucrose medium. All four predicted effectors from
M. lychnidis-dioicae examined experimentally with the yeast secretion trap assay indeed appeared to be
secreted, since the signal peptide of each allowed Suc2p to be secreted and thus provide for growth of
the yeast SEY 6210 mutant on sucrose medium (Figure 2). In contrast, SEY 6210 cells transformed with
the vector only were unable to grow on such media.

Table 1. Candidate SSPs chosen for further analyses.

Predicted Protein Expression a Size (Amino Acids) No. of Cys Function

MVLG_01732 144 rsem vs. 0 156 1 Candidate effector
MVLG_04106 86 rsem vs. 0 107 6 Candidate effector
MVLG_05720 1164 rsem vs. 0 129 12 Candidate effector
MVLG_06175 127 rsem vs. 0 118 10 Candidate effector

a rsem normalized counts for infected male S. latifolia vs. expression in YPD or nutrient-limited agar [7].

 

Figure 2. Results of secretion trap experiment with four M. lychnidis-dioicae predicted small secreted
proteins (SSP) effectors. Suc0, yeast cells transformed with vector alone on sucrose, leu drop-out
medium. Undil, undiluted; 10× and 100× dilutions.

2.4. Yeast Two-Hybrid Experiment

Our goal was to determine the function of these fungal proteins that are predicted, and now
confirmed, to be secreted, as well as being highly expressed, during infection. We employed yeast
two-hybrid genetic screening to identify the possible host interactors for these fungal proteins.
As mentioned above, we chose a small subset of the SSPs that were also found to be induced in
expression in planta.

2.4.1. MVLG_04106 Autoactivates the Reporter Genes in Yeast Two-Hybrid Assay

We expressed MVLG_04106 lacking its signal peptide as a fusion protein to Gal4BD in the bait
vector (pGBKT7-MVLG_04106ΔSP) and tested its activity in expressing the reporter genes. It was found
that the yeast strain transformed with this construct activated all three of the reporter genes-HIS3,
ADE2, and MEL1, when mated with the opposite mating strain containing only the control prey
vector (Figure 3). This indicates the cells’ ability to grow on media lacking the essential nutrients
histidine and adenine because of the activation of the enzymes aminoimidazole ribonucleotide
carboxylase 2 (ADE2) and imidazole glycerol phosphate dehydratase 3 (HIS3). Moreover, the cells
were also able to express α-galactosidase, the gene product of the Melibiase 1 (MEL1) reporter
gene that enables the yeast cells to turn blue-green in the presence of the chromogenic substrate
X-α-gal. This was unexpected, so we generated the reciprocal set of constructs to further investigate
possible transcriptional activation by MVLG_04106. In this case, a fusion protein was generated
with MVLG_04106 and Gal4AD in the prey vector to test if the reporter genes could again be
activated. Surprisingly, in this case the reporter genes were not activated. This suggests that
MVLG_04106 could activate the transcription of the reporter genes only when attached to the
corresponding DNA binding domain for those genes (i.e., Gal4BD). One possibility is that this
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fungal protein acts as a transcription factor in modulating the host gene expression during infection.
In line with the known fact that transcription factors are typically characterized by high levels
of intrinsic disorder [30–32], MVLG_04106 was predicted to possess 79.4% disordered residues
(see Figure 1A) and is shown to contain long disorder-based interaction regions. The predicted protein
contains 106 amino acid residues and is cysteine rich, with approximately 5% Cys residues. Further
domain analysis using PROSITE did not yield any information, but prediction of post translational
modification sites indicated proteolytic cleavage at residue D35, which could allow the mature protein
to function as a transcriptional regulator [33] (Supplemental Table S2). Structural modelling using
Swiss-Model yielded chorismite mutase for residues 30–65, for which there was 22.22% similarity in the
3-dimensional structure. When we compared the amino acid sequence of MVLG_04106 with predicted
proteins of M. silenes-dioicae [34], there was 99.07% identity with the corresponding orthologue, whereas
that for the M. violaceum sensu lato species [35], only had 63.04% identity.

Figure 3. Autoactivation of three reporter genes by MVLG_04106 on QDO/X-α-gal + 3-AT (5 mM)
plates. Undil, undiluted; 10× and 100× dilutions. QDO (Quadruple drop out media), 3-AT
(3-Amino-1,2,4-triazole), BD (DNA binding domain in pGBKT7 vector), AD (Activation domain in
pGADT7 vector), BD-p53 (pGBKT7-53 positive control plasmid), AD-T (pGADT7-T positive control
plasmid), and BD-4106ΔSP (MVLG_04106 lacking signal peptide).

2.4.2. MVLG_05720 Fungal Protein Interacts with Fungal Proteins

Yeast two-hybrid screening with MVLG_05720 yielded 614 colonies after the initial stringent
selection on QDO medium with 5 mM 3AT, along with screening for α-galactosidase expression
on X-α-gal (as blue-green colonies). Further selection on 50 mM 3AT to reduce leaky HIS selection
yielded 129 colonies for examination via sequence analysis. Of the 129 sequenced clones, we recovered
only fungal interactors: 99 of the clones represented MVLG_07305, 27 of the clones were found to
be MVLG_04206, and 3 of the clones matched MVLG_04267. Figure 1B illustrates that there are
64.3% disordered residues in MVLG_05720, and this protein has several MoRFs. It contains 129 amino
acids and is highly cysteine rich with roughly 9% Cys residues. When the amino acid sequence
of MVLG_05720 was compared to the genomes of M. silenes-dioicae and M. violaceum sensu lato,
the corresponding orthologues showed 96.9% identity and 85.93% identity, respectively.

2.4.3. MVLG_06175 Interacts with a Host Protein and a Fungal Protein

Yeast two-hybrid screening with MVLG_06175 initially yielded 1000 colonies after the stringent
selection on QDO/X-α-gal + 3AT (5 mM) medium. Further selection to reduce leaky HIS selection
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yielded 201 colonies for examination via sequence analysis. Of the 39 sequenced clones that we
recovered, 4 of them were full length clones that encode CASPL2C1, 1 was a fungal protein encoded
by MVLG_06379, and the rest of the sequenced clones were for the fungal protein encoded by
MVLG_07305 mentioned above. The S. latifolia genomic region matching the sequence for CASPL2C1
is found on contig m.88187 (GenBank: FMHP01040264.1) in NCBI for the Silene latifolia genome
assembly (taxid:37657). It also corresponded to c93454_g1 RNA detected in RNA-Seq experiments [6,7].
According to Figure 1C, 61.0% of residues in MVLG_06175 are predicted to be intrinsically disordered
and this protein can be engaged in disorder-based protein-protein interactions. It contains 118 amino
acids and is Cys-rich (roughly 8% Cys residues). When the amino acid sequence of MVLG_6175 was
compared to the genomes of M. silenes-dioicae and M. violaceum sensu lato, there was 95.76%, but only
59.83% identity, respectively, with the corresponding orthologues.

2.4.4. MVLG_01732 Interacts with Host Proteins

Yeast two-hybrid screening with MVLG_01732 yielded 401 colonies after the initial stringent
selection on QDO/X-α-gal + 3AT (5 mM) medium. Further selection to reduce leaky HIS selection
yielded 65 colonies for examination via sequence analysis. From the 65 sequenced clones, yeast
two-hybrid screening of MVLG_01732 revealed interesting host plant interactors. One of the
interactors, represented by 52 clones, was found from blastp searches of the Arabidopsis thaliana
genome (TAIR; https://www.arabidopsis.org/) as an orthologue of the AT3G61050.2 gene, which
encodes a calcium-dependent lipid binding protein (AtCLB). AtCLB has both coiled coil regions and C2
domain similar to synaptotagmins, and synaptotagmins were also identified as hits in blastp searches
of the ncbi database. Synaptotagmins are class of proteins with an N terminal transmembrane and
two cytoplasmic C2 domains (Figure S1). The S. latifolia genomic region matching the AtCLB sequence
is found on contig m.108787 (GenBank: FMHP01019528.1) in the S. latifolia genome assembly. It also
corresponded to c85332_g3 RNA detected in RNA-Seq experiments [6,7].

The other interactor identified by yeast two-hybrid was cellulose synthase Interactive protein 1
(CSI1; Figure S2), represented by 13 clones. The S. latifolia genomic region matching this sequence
is found on contig m.23209 (GenBank: FMHP01009449.1) in the S. latifolia genome assembly. It also
corresponded to c93789_g3 RNA detected in RNA-Seq experiments [6,7]. Figure 1D shows that
with 22.4% disordered residues, MVLG_01732 is the least disordered protein analyzed in this study.
However, despite relatively low disorder content, MVLG_01732 contains MoRFs and, therefore,
is expected to use intrinsic disorder for protein-protein interactions. The protein is 156 amino acids
long and is not rich in Cys residues. When the amino acid sequence of MVLG_1732 was compared to
the genome of M. silenes-dioicae, a 94.23% identity match was found in the corresponding orthologue,
whereas only a 48.99% identity match was observed for the orthologue from M. violaceum sensu lato.

3. Discussion

In this study, we were able to predict from in silico analyses a conservative estimate of the
secretome of M. lychnidis-dioicae. Furthermore, among this group, we identified candidate effectors as
SSPs that were also highly expressed during plant infection. For the four putative effectors examined
in greater detail in this study, amino acid sequence comparisons between M. lychnidis-dioicae and
M. silenes-dioicae [34] revealed that these two organisms share close similarity in their predicted SSPs.
In contrast, comparisons of most of the orthologues identified in M. violaceum sensu lato [35], the species
that infects Silene paradoxa, had significantly lower amino acid similarities to those of the other species.
These findings suggest that the latter organism has diverged substantially from the other two species,
a finding supported by the phylogenetic relationships of the three respective fungal species [36] and
the lack of cross-infectivity for M. violaceum sensu lato on either S. latifolia or S. dioicae; similarly, neither
M. lychnidis-dioicae nor M. silenes-dioicae have been found to infect S. paradoxa. Of note, all SSPs were
shown to contain IDPRs, and the vast majority of these proteins (>61.0%) were classified as mostly
or highly disordered. Many SSPs were also predicted to have at least one MoRF, with some of the
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putative effectors possessing multiple MoRFs that can be utilized in promiscuous interactions with the
fungal and host proteins. To test some of these predictions, a subset of the SSPs predicted in silico were
confirmed to be secreted by YST experiment. We conducted yeast two-hybrid analysis for these SSPs
to identify their host interactors and hence to understand their role in the mechanism of the infection
(Figure 4).

Figure 4. Yeast two-hybrid spot test results for all four proteins and positive and negative controls
on quadruple drop-out medium (QDO)/X-α-gal + 3AT (5 mM) plates. For the spot test, each strain
bearing the plasmid was grown in 3 ml of appropriate drop out liquid media at 30 ◦C and shaken at
280 rpm for 2 days. To reconfirm the interaction, 10 ML of each culture (washed and resuspended in
0.9% w/v NaCl) was mixed and spotted on QDO plates containing X-α-gal at the indicated dilutions
and incubated at 30 ◦C for 3–5 days. Undil, undiluted; 10× and 100× dilutions.

Studies suggest that the proteins that undergo post translational modifications (PTMs) are
considered to interact more with other proteins by engaging in more physical contacts and are known
to be in the central network pathways more than non-PTM proteins. For example, all but four of the
49 secreted proteins we examined in detail were predicted to be targets for amidation. C-terminal
amidation has been shown to be involved in membrane interactions for some proteins. In one case,
an antimicrobial peptide, maximin H5, was able to penetrate and lyse erythrocyte membranes when
amidated, but the ability to penetrate lipid membranes was severely reduced with deamidated
peptide [37]. For the 4 SSPs, we examined in detail by yeast two-hybrid analysis, MVLG_04106
and MVLG_05720, which were predicted to have amidation targets (but, not at the C-terminus), while
MVLG_06175 and MVLG_01732 each have a predicted target closer to the C terminus. If amidation
plays a similar role for these SSPs as it does for maximin H5, this could indicate that these effectors
penetrate host cells as part of their normal function.

3.1. MVLG_04106 Could Serve as a Transcriptional Regulator

The finding that MVLG_04106 was able to autoactivate all the reporter genes—HIS3, ADE2,
and MEL1—in the yeast two-hybrid screen suggests its role as a transcriptional regulator. However,
analysis by structural modelling reveals that a portion of this protein is similar to chorismate mutase,
a vital enzyme that catalyzes the conversion of chorismate to prephenate in the shikimate pathway,
leading to the production of aromatic amino acids, phenylalanine, and tyrosine, and regulating their
balance. Chorismate also serves as a substrate for the production of salicylic acid (SA), which is a major
signaling defense molecule in plants. This fungal protein chorismate mutase could deviate the flow
of available chorismate for the production of prephenate and hence channel down its availability for
SA production. In fact, studies show that Ustilago maydis, an obligate biotrophic pathogen that causes
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corn smut, also secretes an effector called Cmu1, a chorismate mutase taken up by plant cells and
spread to adjacent cells causing metabolic priming in the infected cells [38]. However, if MVLG_04106
is a chorismate mutase, this still begs the question of how it autoactivates the reporter genes in yeast
two-hybrid assay. Transcriptome analysis revealed that it is highly expressed during infection but not
under in vitro conditions, all of which suggests its role in pathogenicity. Thus, further investigation is
requited to better define its true role during infection.

3.2. MVLG_05720 Possibly Regulated by Additional Fungal Proteins

Three fungal proteins were identified as interactors with MVLG_05720: MVLG_07305,
MVLG_04026, and MVLG_04267. None of the three were predicted via bioinformatic tools to be
secreted. The differential expression data [6,7] indicated that MVLG_07305 was downregulated in
late infection stages in planta and upregulated in mated conditions in vitro (while MVLG_05720
was downregulated during mating) [6]. Thus, MVLG_07305 may play some role in mating or in
the transition to dikaryotic filaments. The gene is located on the mating-type chromosome, but its
expression is similar in both a1 and a2 mating-type strains on either rich or nutrient-limited media [7].
Blastp predicted its function as a putative fimbrial outer membrane usher protein, containing a
mannose binding domain. Of note, fimbrial appendages were first observed serendipitously on the
haploid cells of an anther smut fungus [39]. They are involved in cell-to-cell communication and
adhesion during mating before pathogenesis, as enzymatic and mechanical removal of these structures
were shown to delay mating until the regeneration of fimbriae occurred [40,41].

The second fungal interactor, MVLG_04026, followed the same expression pattern as that of
MVLG_07305; its predicted function was as a Fibrillin-like protein. Fibrillins are secreted proteins that
constitute the backbone of extracellular macromolecular microfibrils [42]. The C terminus of fibrillins
can undergo multimerization as a consequence of intermolecular disulfide bonding with itself or other
proteins soon after secretion [43]. However, MVLG_04026 was predicted via bioinformatic tools not to
be secreted. Its transcription was also upregulated during mating and downregulated during infection.

MVLG_04267 was not found to be differentially expressed under any of the conditions examined.
It belongs to the DUF1212 superfamily, a class of membrane proteins with unknown function. Perhaps
this protein plays a role in transport of MVLG_05720. If the MVLG_07305 and 4026 proteins are
translated during mating and persist during infection, they may interact with MVLG_05720, to
sequester it until it is needed for manipulation of the host. However, the mechanism of their action
remains a mystery and requires further investigation.

3.3. MVLG_06175 Role in Host Entry During the Infection and in Reproduction

From yeast two-hybrid screening, the protein product of fungal gene MVLG_06175 interacts
with a host CASP-like protein 2C1 orthologue of Spinacia oleracea (LOC110788005), transcript
mRNA (XM_021992637.1); it also matched CASP-like protein 2C1, AT4G25830.1 of A. thaliana.
The corresponding transcript from Silene expression data (Toh et al. submitted) similarly matched the
same S. oleracea protein. CASP-like proteins (CASPLs) are homologues of Casparian strip membrane
domain proteins (CASPs). With respect to the functions of CASPLs, previous research showed
CASPLs might function as protein barriers on the cell membrane of the endodermis and form protein
scaffolds for the synthesis of the Casparian strip. Some CASPLs were shown to be expressed in
the root endodermis, peripheral root cap, root meristem zone, trichomes, lateral root primordia,
young leaves, and the floral organ abscission zone in Arabidopsis thaliana [44]. This last role, in floral
organs, would be an appropriate target for a fungal effector from an anther smut. Alternatively, since
CASPLs are orthologous with MARVEL domain proteins associated with the function of epithelial
tight junctions [45], CASPLs might be related to tight junction functions in plant cells as well. Thus,
the interaction between MVLG_06175 and CASPL2C1 of Silene could indicate that Microbotryum alters
the functions of tight junctions to enter the host tissues during infection.
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MVLG_06379 was also found as a fungal interactor of MVLG_06175. MVLG_06379 contains a
PFAM domain (PF03328.7) for ATP citrate lyase (ACL) β subunit. The enzyme converts cytosolic
citrate into acetyl-CoA for further fatty acid synthesis, but in the parasitic fungi the transcription and
translation of ACL appears to be associated with infection and reproduction. Cryptococcus neoformans
increased transcriptional level of ACL1 within macrophages. Additionally, mutants lacking ACL1
showed higher susceptibility to antifungal drugs, a lower survival rate within macrophages, and
defects in expression of virulence factors [46].

3.4. MVLG_01732 Role in Altering the Vesicular Traffic in the Host and Male Sterility

In blastp analyses searching the Arabidopsis genome we found this interactor as the orthologue
of the AT3G61050.2 gene. This encodes a calcium-dependent lipid binding protein (AtCLB) that
has both coiled coil regions and C2 domain (see Figure S1) similar to synaptotagmins. Many
coiled coil proteins are involved in regulating gene expression as transcription factors. The motif is
present in the nucleotide binding site leucine rich repeat (NBS-LRR) proteins of R genes. Arabidopsis
encodes 150 NBS-LRR-type proteins and they are either the coiled coil (CC) type or the TIR type [47].
C2 domains in animal cells are involved in signal transduction and vesicle trafficking, but in plant
cells they are not well characterized. They could be involved in plant stress signal transduction as
positive or negative regulators of stress signaling cascades (Figure S3 for predicted interaction partners
of AtCLB). AtCLB expression is highly detected in rosette leaves and flowers and low in roots, stems,
and cauline leaves. Transcriptome analyses studies on pollen germination and tube growth shows its
expression in mature pollen, hydrated pollen, and pollen tube growth, which suggest its role in the
development of the male gametophyte [48]. Studies show that AtCLB acts as a DNA-binding protein,
and binds specifically to the promoter sequence of Thalional synthase 1 (THAS1), a key enzyme in
the synthesis of the triterpenoid, thalionol. AtCLB negatively regulates THAS1 transcription, as part
of a response involved in drought and stress tolerance. AtCLB becomes localized on the nuclear
membrane and can bind to ceramides, a glycolipid present in cellular membranes that acts as a second
messenger in cell signaling, cell differentiation, and apoptosis [45]. Since it is a membrane protein,
its activation by membrane lipid ceramide could result in a proteolytic cleavage and translocate it to
nucleus to activate transcription of a different set of genes [49]. Interestingly, analysis of the amino acid
sequence showed that there are two proteolytic cleavages at positions 28 (after the transmembrane
region (1–22)) and 383 (close to where the C2 domain (264–361) ends and the coiled coil region (390–417)
begins). Although this is purely speculative at this point, if the MVLG_01732 effector were to become
intracellular, upon Ca2+ triggering due to conformational changes, the AtCLB protein could interact
with the effector at the coiled coil region to mediate AtCLB activation by the membrane lipid ceramide
resulting in proteolytic cleavage after the TM to yield mature protein and translocation to the nucleus
to regulate transcription of target genes.

In blastp analyses against the NCBI database, the same host interactor for MVLG_01732 matched a
portion of the C2 domain and mostly the C-terminal coiled coil region of synatotagmin-5 of Beta vulgaris
subsp. vulgaris (LOC104905441), transcript variant X2, mRNA (XM_010693990.2); the corresponding
transcript from Silene expression data (Toh et al. submitted) similarly matched the same B. vulgaris
protein. Synaptotagmins are a family of membrane proteins concentrated on secreted vesicles,
including synaptic vesicles. They are composed of a short uncleaved N-terminal signal peptide
that overlaps a transmembrane (TM) domain, a synaptotagmin-like mitochondrial and lipid-binding
protein (SMP) domain, and two tandem cytosolic calcium binding domains (C2A and C2B) at the
C-terminus required to bind to phospholipids or different ligands in response to calcium signals [50].
Ca2+ plays an important role as a second messenger in response to variety of stimuli like cold, drought,
salt, oxidative, and biotic stress. Ca2+ binding confers two roles in membrane targeting process. One is
to provide a bridge between C2 domain and anionic phospholipids, and the second is to induce intra
or inter domain conformational changes, which further triggers membrane protein interactions.
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The second host interactor for MVLG_01732 matched the C2 domain of Cellulose synthase
interactive protein 1 (CSI1) of Spinach oleracea (Accession number: XP_021846375) and Beta vulgaris
(Accession no: XP_010680591), orthologues of Arabidopsis AT2G22125.1 gene. Again, the C2 domain
(Figures S1 and S2) is a Ca2+ binding motif originally identified in Protein kinase C [51]. However,
not all C2 domains are regulated by Ca2+, with some functioning in a Ca2+-independent manner and
others having mainly a structural role. C2 domains interact with cellular membranes and mediate key
intracellular processes like insulin secretion and neurotransmitter release in eukaryotic cells. It binds to
a multitude of different ligands and substrates that include Ca2+, inositol polyphosphates, intracellular
proteins, and phospholipids.

Mutant analyses found that CSI physically interacts with microtubules and plays a crucial
role in anther dehiscence. This is interesting because the events leading to anther dehiscence are
coordinated with pollen differentiation, flower development, and opening for successful pollination.
CSI 1 disruption mutants exhibited complete sterility and defective anther dehiscence, with crumpled
pollen and defective pollen release from the anther. Moreover, such mutants had morphological
changes in the epidermal and endothecial cell length and width necessary for anther maturation,
indicating the reason for defective dehiscence may be due to unstable microtubules. CSI mutants also
exhibited altered sensitivity to exogenous Ca2+ levels, which indicates that there is Ca2+-mediated
regulation in microtubule stability and anther dehiscence [52]. Of note, CSI 1 mutants also exhibited
decreased number of ovules per gynoecium but were viable, indicating an additional effect of CSI in
early gynoecial development.

We hypothesize that the fungal effector MVLG_01732 modulates the function of CSI1 by
interacting with the C2 domain (suggested by our yeast two-hybrid results), thereby altering the
stability of microtubules, resulting in delayed anther development and dehiscence. This could provide
the fungus an opportunity to hijack anther development, replacing the pollen grains with its teliospores.
Studies show that calcium binding proteins and calcium dependent signaling are involved in both the
development of embryo sacs and during the development of pollen [53]. In both the host interactors
we identified, the MVLG_01732 effector binding could modulate C2 domains and their interaction
with Ca2+, triggering several signaling pathways for the benefit of the fungus.

In sum, in silico analyses predicted a number of fungal small secreted proteins that could serve
as effectors to modulate the plant host. For a subset of these, we identified the host interactors that
are candidates for targets of these effectors. Recognizing that, even with appropriate controls, yeast
two-hybrid analysis can give false positive results, we are planning to further verify the predicted
interactions in future experiments using co-immunoprecipitation from infected plants. There is also a
need to characterize the function of these interactors and their roles in the plant. Future experiments
to express the fungal effectors in transgenic plants might recapitulate phenotypes observed during
infection. Although the natural host, S. latifolia, currently lacks a transformation system, heterologous
plant systems like A. thaliana are amenable for such experiments and should help in the characterization
of these fungal proteins. Moreover, expressing the fungal proteins with a fluorescent marker like GFP
or mCherry would help determine the localization of these fungal proteins inside the host. Pull down
assays can also be conducted to identify additional host proteins, if any, that may have been missed by
yeast two-hybrid analysis. This experimental model could then be expanded in the future to provide
mechanistic insights into the interplay of this biotrophic pathogen with its host.

4. Materials and Methods

4.1. Plant and Fungal Growth

Silene latifolia seeds that were used in this study were originally collected from a field population
in Clover Hollow near Mountain Lake Biological Station, Virginia. Sterilized seeds were plated on
sterile 0.3% phytagar (Life Technologies/Thermo Fisher, Waltham, MA, USA), one half strength
Murashige and Skoog salts (Sigma Aldrich, St. Louis, MO, USA), and 0.05% MES (2-(N-morpholino)

126



Int. J. Mol. Sci. 2017, 18, 2489

ethanesulphonic acid) buffer (Sigma-Aldrich). Seeds were kept at 4 ◦C for 5 days to encourage
germination and then were transferred to a 20 ◦C growth chamber with 13 h of fluorescent light.
Humidity was kept high initially by using dome covers and flood trays, and was gradually decreased
to lower levels. Seedlings were transplanted to bigger pots for the emerging new roots to provide
hydration requirement when the volume of soil was not sufficient. Plants were grown in Sunshine
MVP professional growing mix (Sun gro Horticulture Canada Ltd, cat no: 02392868, Agawam, MA,
USA) and were watered every other day with 100-ppm fertilizer (Peters Professional 15-16-17 Peat-Lite
Special, Formula no: S12893, JR Peters, Inc. Allentown, PA, USA) [7].

Fungal strains of M. lychnidis dioiceae, p1A1 and p1A2, were axenically grown separately on
nutrient rich media (yeast peptone dextrose media (YPD); 1% yeast extract, 10% dextrose, 2% peptone,
and 2% agar) at 28 ◦C for 5 days and nutrient-free water agar media for 2 days (2% water agar).

Plant infection employed haploid M. lychnidis-dioicae p1A1 and p1A2 cells that were grown on
nutrient rich media (YPD; 1% yeast extract, 10% dextrose, 2% peptone, and 2% agar) at 28 ◦C; these
were harvested and adjusted to a concentration of 1x109 cells/mL in equal proportion before being
spotted onto nutrient free media (2% agar). Once conjugation tubes were identified microscopically,
the cells were resuspended to a concentration of 1 × 106 in distilled water. Then, 5 μL of this was
dropped onto the floral meristem of 11–12 day old S. latifolia seedlings [7].

4.2. In Silico Analyses

4.2.1. Prediction of Small Secreted Proteins (SSPs)

Prediction of the secretome used a pipeline of software packages (TargetP1.1, SignalP3.0,
SignalP4.0 (http://www.cbs.dtu.dk/services/SignalP/), TMHMM2.0, PredGPI, Phobius, NucPred,
Prosite, and WoLF PSORT) to provide a stringent determination of likely secretion [7] (Table S1 and
Figure 5).

Figure 5. Computational framework for prediction of secretome for M. lychnidis-dioicae and selection of
candidate effectors for further analyses. Detailed description of tools and cut-off criteria for secretome
prediction and prediction of disorder are provided in Supplementary Methods. Numbers tally for
proteins at each stage of secretome prediction are provided in tab 3 of Table S1. TM, trans-membrane
domain; ER, endoplasmic reticulum’ SP, secreted protein; PFAM, protein family; aa, amino acid;
GO, gene ontology; MVLG designations refer to specific Microbotryum lychnidis-dioicae proteins.
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4.2.2. Prediction of Intrinsic Disorder

In order to analyse the residue level of disorder propensity of 49 putative effector proteins, four
intrinsic disorder predictors were used: PONDR® VSL2 [18], PONDR® VLXT [19], PONDR® VL3 [20],
and PONDR® FIT [21]. While evaluating the intrinsic disorder predisposition of four SSPs targeted for
functional analysis (MVLG_01732, MVLG_04106, MVLG_05720, and MVLG_06175), in addition to the
members of the PONDR family, IUPred_short and IUPred_long were used [24].

Molecular recognition features (MoRFs) are short segments with increased order propensity
located within longer disordered regions. MoRFs bind to globular protein domains and undergo
disorder-to-order transition. These disorder-based binding sites are categorized into three types:
α-MoRFs (form α-helices upon binding), β-MoRFs (form β-strands), and ι-MoRFs (form irregular
structures). For all 49 predicted secreted proteins whose transcription was upregulated during
infection, the ANCHOR algorithm (http://anchor.enzim.hu/) was used to predict such protein
binding regions that are disordered in isolation but can undergo disorder-to-order transition upon
binding [22]. This computational tool finds segments within disorder regions that cannot form stable
intra-chain interactions to fold on their own, but are likely to gain stabilizing energy by interacting with
a globular protein partner [22]. Furthermore, the presence of MoRFs in MVLG_01732, MVLG_04106,
MVLG_05720, and MVLG_06175 was further evaluated by another computational tool, MoRFchibi [54].

4.2.3. Additional Bioinformatic Analyses

Alignment of nucleotide and/or amino acid sequences to find regions of similarity between such
biological sequences employed Basic Local Alignment Search Tool (BLAST; https://blast.ncbi.nlm.nih.
gov/Blast.cgi). Further domain analysis for prediction of post translational modification sites used
ModPred [33]. Structural modelling of predicted proteins utilized Swiss-Model [55,56]. Results of
these analyses are found in Table S2. Additional analysis methods are provided in Supplementary
Materials and associated references [57–60].

4.3. Yeast Secretion Trap (YST) Experiment

For each candidate effector, validation of secretion employed a yeast-based secretion trap
method [28]. Putative secretion signals for each fungal gene were cloned into the pYSTO-0 vector.
In such analyses, if the putative signal peptide from a protein provides for secretion of the Suc2p
invertase, S. cerevisiae cells will be able to grow on sucrose as a sole carbon source; inability to promote
growth would indicate that the fungal protein of interest is not normally secreted.

The signal peptide sequence of each fungal protein was determined by Signal P software and
amplified by PCR. Standard PCR cycle was used with initial denaturation set at 94 ◦C for 4 min and
35 cycles of 94 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 30 s, with a final extension time of 5 min at
72 ◦C. The product was held at 4 ◦C at the end of the cycle.

The PCR products were separated by gel electrophoresis through 1.8% agarose (Agarose LE;
USB Corp., Cleveland, OH, USA). The fragments were excised from the gel and purified using the
Zymo Gel DNA recovery kit (Orange, CA, USA). The purified fragments were subjected to restriction
digestion with EcoRI and NotI enzymes. The digested fragment was purified and cloned into the
pYST-0 vector to obtain a translational fusion with the invertase expressed from the ADH1 promoter
and transformed into Escherichia coli DH5 α cells. Cells were plated on LB plates with ampicillin
(100 mg·L−1) and incubated at 37 ◦C overnight. E. coli strain, DH5 α (Bethesda research Laboratories,
Bethesda, MD, USA), was utilized for all cloning purposes. E. coli strains were grown at 37 ◦C in Circle
Grow media (MP Biomedicals, LLC, Solon, OH, USA) and plasmid DNA was isolated from potential
clones using the alkaline lysis procedure [61]. The presence of each signal peptide encoded in-frame
with the SUC2 coding region was confirmed by DNA sequencing at the Nucleic Acids Core Facility
(Center for Genetics and Molecular Medicine, University of Louisville, Louisville, KY, USA).
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Invertase-deficient (suc2−) S. cerevisiae strain (SEY 6210 (MATαleu2-3, 112 ura3-52 his-Δ200
trp1-Δ901 lys2-801 suc2− Δ9 GAL)) [62] cells were transformed with the constructs using the lithium
acetate/single-stranded carrier DNA/PEG method [63]. Selection was on Synthetic Dropout medium,
with SD/-Leu (Clontech, Mountain View, CA, USA) selection plates containing glucose as the sole
carbon source. The dropout medium contained glucose (20 g·L−1), yeast nitrogen base (6.7 g·L−1),
dropout mix minus leucine (2 g·L−1), agar (15 g·L−1), and water. The plates were incubated at 30 ◦C
for 6–10 days. The colonies were restreaked for purification onto SD/-Leu drop out selection plates
with sucrose as the sole carbon source to select the positive clones that were able to utilize sucrose by
secreting invertase enzyme. Such strains were grown overnight in 3 mL of SD/-Leu broth with sucrose,
and 10-fold dilutions were spotted onto SD/-Leu with glucose or sucrose as the carbon source and
incubated for 5 days at 30 ◦C. Clones harboring functional signal peptides with reconstituted invertase
activity were able to grow on sucrose as the sole carbon source. Untransformed mutant yeast strain
SEY 6210 and the same strain, transformed with empty pYST-0 vector, were used as negative controls.
Plasmid DNA was extracted from the positive clones and used to retransform E. coli. The constructs
were again checked for the presence of signal peptide sequence by DNA sequencing.

4.4. RNA Extraction and cDNA Library Construction

RNA for generating the cDNA library was obtained from the axenically grown cultures of p1A1
and p1A2 haploid strains [7] on nutrient rich media for 5 days (YPD) at 28 ◦C, nutrient-free water
agar media (2% water agar) for 2 days, and the fungal infected Silene latifolia tissue [7]. This latter
set of RNAs was extracted from floral stem (pedicle, and remaining cluster and sepals), floral buds
(male and female) at different stages (male: 2–6 mm buds, 8 mm to fully opened smutted flowers;
female: 3–6 mm, 7–14 mm, and 15–24 mm). The quality of the RNA was checked by Agilent Bioanalyzer
and all the samples indicated highly intact RNA with the RNA integrity scores of at least 7.8. The total
samples were pooled equally based on Bioanalyzer quantification to generate a normalized cDNA
library. The cDNA library was constructed in a Gal4 based prey vector, pGADT7 (Clontech), by CD
Genomics (Shirley, NY, USA) for yeast two-hybrid screening.

4.5. Yeast Two Hybrid Screen

The yeast two-hybrid system allows for an initial screening of possible protein-protein
interactions [64,65]. A “bait” protein of interest is expressed from a yeast (Saccharomyces cerevisiae)
expression vector as a fusion with the Gal4 DNA binding domain (BD). Interactors with bait
are identified by screening “prey” expressed from a yeast vector where the fusion is with the
Gal4 transcriptional activation domain (AD). pGBKT7 was used as a “bait” vector with the GAL4
DNA-binding domain and pGADT7 was used as a “prey” vector with the GAL4 DNA activation
domain. While neither the BD, nor AD alone, can activate transcription of the reporter genes used
in this system, if two proteins physically interact (i.e., if prey Y interacts with bait X), then the BD
and AD are brought together and reporter genes will be expressed. In our studies, the prey proteins
were all expressed from normalized cDNA libraries of the different stages of M. lychnidis-dioicae,
including in association with its host, S. latifolia. Initial selection of interactors involves ability to grow
on increasingly more stringent auxotrophic media, since the yeast strains have auxotrophic mutations
that require them to either be provided with the missing nutrients or to have a functional interaction
that activates transcription of reporter genes whose read-out is complementation of the growth defect.
Additionally, an α-galactosidase gene serves as a reporter, whereby color change to blue-green occurs
via cleavage of 5-bromo-4-chloro-3-indolyl α-D-galactopyranoside (X-α-gal) in the medium. In order
to avoid false positives, a number of controls were employed, including comparisons using (1) vectors
alone/without bait or prey (i.e., pGBKT7 or pGADT7, respectively); (2) bait in BD vector alone;
(3) prey in AD vector alone; (4) re-transformation of yeast strains with identified interactors and
bait; (5) repetition of the experiment with vectors, in which the bait has been fused to AD and the
identified prey interactor has been fused to the BD, so as to avoid artifacts associated with the particular
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fusion used originally. The interaction of pGBKT7-53 (containing p53 coding sequence) and pGADT7-T
(containing T antigen coding sequence) was used as a positive control. Only those candidate interactors
that passed these stringent tests were considered worthy of further investigation.

The coding sequences of each of the effector candidates, lacking signal peptides and stop codon,
were PCR amplified using cDNA as template, generated from fungal infected S. latifolia floral buds,
using the primer pairs described in Table S3. The effector candidates tested in this study were
MVLG_004106, MVLG_005720, MVLG_06175, and MVLG_001732, for which sequences are available
in the JGI Fungal Genome database [66]. The PCR products were cloned into the pCR 2.1 TOPO
entry vector (Invitrogen/Thermo Fisher, Waltham, MA, USA). Escherichia coli strains, DH5 α (Bethesda
research Laboratories, Bethesda, MD, USA), were utilized for all cloning purposes. Plasmid DNA was
isolated and the inserts were digested out of this vector with EcoRI and BamHI. Purified fragments
were subsequently cloned into a pGBKT7 destination vector (Clontech) where transcription of the
cloned gene would be driven by an ADH1 promoter, producing fusion proteins at their N termini with
the DNA binding domain of the Gal 4 transcription factor.

S. cerevisiae strain Y187 (Library host strain) (MATα, ura3-52, his3-200, ade2-101, trp1-901, leu2-3,
112, gal4Δ, met–, gal80Δ, URA3 : : GAL1UAS-GAL1TATA-lacZ) [67], containing the MEL1/lacz reporter
gene, was transformed with the prey vector containing the cDNA library using the Frozen-EZ Yeast
Transformation II kit (Zymo Research) and selected on SD drop out medium lacking Leucine (SD/-Leu).
MELIBIASE1 (MEL1) reporter gene encodes α-galactosidase and enables yeast cells to turn blue-green
in the presence of the chromogenic substrate, 5-bromo-4-chloro-3-indolyl α-D-galactopyranoside
(X-α-gal). Cell density of the library was calculated by tittering 10−4, 10−5, 10−6, and 10−7 dilutions
on SD/-Leu plates.

The AH109 yeast strain (Mating partner) (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ,
LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ) [68],
containing HIS3, ADE2, and MEL1/lacz) reporter genes, was used as the host for the bait constructs.
The HIS3, ADE2 reporter gene products enable the cells to biosynthesize required nutrients to grow on
plates lacking histidine and adenine. The three reporter genes are under the control of distinct GAL4
upstream sequences and promoter elements GAL1, GAL2, and MEL1, respectively, yielding strong and
specific responses. In AH109, the entire HIS3 promoter (including both TATA boxes) was replaced by
the entire GAL1 promoter, leading to tight regulation of the HIS3 reporter gene in this strain. The bait
constructs were transformed into AH109 by the lithium acetate/single-stranded carrier DNA/PEG
method [63] and selected on SD drop out medium lacking Trp.

The yeast two-hybrid screening was conducted following the Matchmaker Library Construction
and Screening Kits User manual (Clontech). Initial screening was conducted on high stringent
quadruple drop out media (QDO) SD/-Ade/-His/-Leu/-Trp plates with X-α-gal and 5 mM 3AT.
Subsequently, colonies were restreaked onto QDO/X-α-gal plates with 5 mM 3AT initially, and then
on to QDO/x-α-gal plates containing 50 mM 3AT to select strong interactors. 3AT was used to inhibit
the leaky expression that reduces the effectiveness of histidine selection, and to inhibit X-α-gal to allow
detection of the MEL1/lacz reporter. 3-AT is a competitive inhibitor of the yeast HIS3 protein (His3p),
blocking low levels of His3p expression, and thus suppressing background growth on SD medium
lacking His. Only the positive blue-green clones (indicating α-galactosidase activity) that survived
on the highest 3AT levels were used for further screening. To estimate the mating efficiency and to
calculate the total number of screened colonies dilution serials were prepared and 100 μL of each
dilution was spread on SD/-Trp, SD/-leu, and DDO plates. Plasmids were isolated from the surviving
colonies and were individually used to transform E. coli. The prey plasmids were isolated from E. coli,
and sequenced and analyzed by BLAST screens against the NCBI database [69]. The dropout medium
contained Glucose (20 g·L−1), yeast nitrogen base (6.7 g·L−1), appropriate dropout mix (2 g·L−1),
agar (15 g·L−1), and water.
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5. Conclusions

In this paper we identified, for the first time, the interactors of the putative effectors of M.
lychnidis-dioicae. We believe that the protein product of MVLG_04106 codes for a transcriptional
regulator/activator of host responses to allow successful infection. The fungal interactors of
MVLG_05720 protein product, MVLG_07305 and MVLG_04026, could potentially sequester this
effector until it is required during infection. MVLG_06175 appears to interact with a CASP-like
homologue and may be involved in cell-cell junctions. The identification of two host interactors
of MVLG_01732-AtCLB and CSI I, which play roles in anther/pollen development and dehiscence,
provides exciting targets for future studies, as we hypothesize this effector may be crucial in redirecting
anther and pollen development in such a way as to benefit the reproductive program of the fungus.
Plant infection studies with knockouts or over expression of these effector genes will further our
understanding in characterizing the function of these key players in the infection. This strongly
suggests the need to also characterize the remaining candidate effector proteins for a more complete
understanding of the mechanisms of infection and development of this fascinating plant parasite.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/11/2489/s1.
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Abstract: Leaf spot disease caused by the fungus Fusarium proliferatum (Matsushima) Nirenberg is
a destructive disease of tomato plants in China. Typical symptoms of infected tomato plants are
softened and wilted stems and leaves, leading to the eventual death of the entire plant. In this study,
we resorted to transcriptional profile analysis to gain insight into the repertoire of effectors involved
in F. proliferatum–tomato interactions. A total of 61,544,598 clean reads were de novo assembled
to provide a F. proliferatum reference transcriptome. From these, 75,044 unigenes were obtained,
with 19.46% of the unigenes being assigned to 276 Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, with 22.3% having a homology with genes from F. fujikuroi. A total of 18,075
differentially expressed genes (DEGs) were identified, 720 of which were found to code for secreted
proteins. Of these, 184 were identified as candidate effectors, while 79.89% had an upregulated
expression. Moreover, 17 genes that were differentially expressed in RNA-seq studies were randomly
selected for validation by quantitative real-time polymerase chain reaction (qRT–PCR). The study
demonstrates that transcriptome analysis could be an effective method for identifying the repertoire
of candidate effectors and may provide an invaluable resource for future functional analyses of
F. proliferatum pathogenicity in F. proliferatum and tomato plant–host interactions.

Keywords: Fusarium proliferatum; tomato plants; effector; pathogenicity; DEGs

1. Introduction

The tomato (Solanum lycopersicum) is one of the most important crop plants and one that also
servesas a model system for fruit development [1]. According to the Food and Agriculture Organization
Statistical Database (http://faostat3.fao.org), China was the largest tomato producer in 2013, with a
total output of 50 million tons [2]. However, Chinese tomato production is threatened by diseases.
Among these is tomato leaf spot caused by Fusarium proliferatum (Matsushima) Nirenberg, one of
the most destructive fungal diseases for tomatoes [3]. The typical symptoms of tomato leaf spot on
infected leaves and stems are necrotic spots that have a dark brown appearance and may continue to
grow, causing the stems to soften and wilt, eventually leading to the death of the entire plant [3].
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Fusarium proliferatum, a broadly distributed saprophytic pathogen, can cause destructive diseases
to an extremely wide range of hosts that span several plant families, including maize [4], tomato [3],
garlic [5] and soybean [6]. Additionally, F. proliferatum has been reported to produce a number of
mycotoxins (including fusaric acid, fumonisin, fusaproliferin, beauvericin and moniliformin) that pose
a serious threat to global food security and human health [7–10]. Fusarium proliferatum is an endophyte
that dwells on the plant and produces a large number of conidia that can survive for many years
in the soil [11]. As the weather becomes wetter and warmer, the conidia germinate and spread via
atmospheric dust and rainwater movement. As a result of this, they end up infecting seeds, soil, as well
as other plant materials. The germinated conidia enter the tomato plants through the stomata, and they
form hyphae that grow along the vascular tissues and extend into the leaves and stem. Subsequently,
the mycelia colonize the tomato plants, and this results in the appearance of leaf spots. As of now,
the F. oxysporum infection process in tomatoes has been well documented [12–14], but F. proliferatum’s
infection process on tomatoes has not been as thoroughly described. This is therefore an important
problem that needs urgent solving.

At present, fungicides are the main management strategy for controlling fungal tomato diseases,
but there is a lack of research on the response of F. proliferatum to different fungicides. Additionally,
tomato cultivars resistant to tomato leaf spot are currently unavailable in the conventional market.
Even if these management strategies were available, they would face a huge challenge due to the
genetic variability of F. proliferatum rapidly emerging in the population [15].

Numerous genes of the filamentous plant pathogens have been shown to undergo diversified
selection during the host–pathogen interaction [16]. More recently, it has been recognized that
evolution has equipped Fusarium plant pathogens with a diverse range of infection strategies.
These include the production and secretion of proteins and other molecules, collectively known
as effectors, that successfully facilitate the infection process by reprogramming the host metabolism
and by manipulating the immune responses of host cells to enable parasitic colonization [16,17].
Effectors are active outside the fungal cell and alter the host-cell structure and its function in order to
generally facilitate the fungal lifestyle inside the plant and enhance access to nutrients [18]. Fungal
effectors that trigger resistance or susceptibility in specific host plants have been identified in a
number of ascomycetes that include Fusarium species. Most recent molecular studies of Fusarium
pathogens have focused on investigating the secreted effectors produced by the pathogens during
infection. Here, the use of transcriptomic analysis has helped identify secreted effectors in various
Fusarium pathogens, such as the F. oxysporum species complex, F. graminearum, F. verticillioides and
F. virguliforme [13,19–21]. For example, several effector genes secreted in xylem (SIX) were found during
the F. oxysporum, f. sp. Lycopersici/tomato interaction, some of which were shown to be essential for
pathogenicity [12–14]. Using transcriptional analysis, Lu and Edwards [19] have identified a list of
potential small, secreted cysteine-rich protein-derived effectors produced by F. graminearum in the
course of F. graminearum–wheat interaction. Brown et al. [20] indicated that secreted gene expression
(SGE1) was required for pathogenicity and can affect synthesis of multiple secondary metabolites.
SGE1 has a role in the global regulation of transcription in F. verticillioides. Unraveling the secreted
effectors of F. proliferatum produced during pathogenesis is therefore important to improve the control
strategies for this pathogen.

The F. proliferatum genome has still not been sequenced, but genome sequences of several Fusarium
species (F. oxysporum, F. fujiluroi and F. graminearum) have been deposited in the National Center of
Biotechnology Information (NCBI) database. These can provide a rich trove of reference information
from which to build an effective strategy for gaining more insight into effectors secreted in the
F. proliferatum–tomato interaction [22–24]. Next-generation sequencing technologies have advanced
rapidly, with ribonucleic acid sequencing (RNA-seq) becoming an instrumental assay for the analysis
of fungal transcriptomes. By combing these with bioinformatics tools, putative secreted proteins can
be predicted; of these, some that are relatively small (fewer than 200 amino acids) and contain a high
percentage of cysteine residues (usually 2% to 20%) have been considered as effector molecules [18].
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As of now, F. proliferatum’s infection process on tomatoes has not yet been as thoroughly described.
In this work, we characterized the infection process of F. proliferatum in tomatoes in order to better
understand the molecular basis ofthe F. proliferatum–tomato interaction. We then performed a de novo
transcriptome analysis to predict putative effectors that may be contributing to the pathogenicity of
F. proliferatum in tomatoes.

2. Results and Discussion

2.1. Characterization of Time Course of F. proliferatum-Infected Tomato Leaves

In order to obtain an overview of the F. proliferatum transcriptome and effector gene activity
during the different phases of infection, we used a scanning electron microscope to observe six samples
of F. proliferatum-infected tomato leaves at different infection time points (0, 12, 24, 48, 72 and 96 h after
F. proliferatum inoculation) (Figure 1). Irregular epidermal cells were found on these leaves and the
extent of this irregularity grew with a longer infection time. By 48 h post-inoculation (hpi), the stomata
were invaded by the spores (Figure 1), and by 72 hpi, the number of spores on the leaf surface increased,
accompanied by a corresponding increase in the number of invading spores on the stomata. By 96 hpi,
the stomata and epidermal cells of the tomato leaves were covered with spores, and the leaves’s
epidermal cells became more irregular and wrinkled. At the same time, the hyphae showed obvious
growth on the stomata (Figure S1). Nguyen et al. [11] also showed that infection of maize leaf tissues
by F. proliferatum occurred via the stomata, and that the microconidia of F. proliferatum that formed
inside the leaf tissues sporulated through the stomata, which may provide nutrients to the pathogen.
Based on this data, mycelia collected from 7-day-old potato dextrose agar (PDA) cultures (KC) and
samples of infected leaf tissues taken 96 hpi (KS_1) were subjected to an RNA-seq analysis to reveal
more candidate effector genes involved in F. proliferatum–tomato interactions.

 

Figure 1. Preparation of Fusarium proliferatum-infected tomato leaves (Solanum lycopersicum) for
transcriptome analysis. Leaves were obtained 0, 12, 24, 48, 72 and 96 h after inoculation (hpi) with a
conidial suspension of F. proliferatum.
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2.2. De novo Assembly of F. proliferatum Transcriptome

By using RNA-seq technology, two transcriptomic datasets were generated from KC and KS_1
in order to better understand the pathogenicity of F. proliferatum. We obtained a total of 14.16 Gb
of sequencing data, including 115,988,950 raw reads and 98,705,420 clean reads with a base average
error rate below 0.03%. An overview of the transcriptome assembly statistics is shown in Table 1.
After removing low-quality and adapter sequences, 37,091,012 and 61,614,408 clean reads were obtained
for KC and KS_1 samples, respectively. The Q20 percentage and Q30 percentages were more than 96%
and 92%, respectively. The average GC percentages in the KC and KS_1 samples were 51.58% and
53.15%, respectively.

Table 1. Summary of the RNA-Seq data.

cDNA Library Raw Reads Clean Reads Clean Bases (Gb) Error (%) Q20 (%) 1 Q30 (%) 2 GC (%)

KC 52,509,182 37,091,012 6.46 0.03 96.28 92.16 51.58
KS_1 63,479,768 61,614,408 7.70 0.03 96.13 92.29 53.15

1 Q20: percentage of bases with a Phred value >20; 2 Q30: percentage of bases with a Phred value >30.

To establish the F. proliferatum transcriptome in the absence of a reference genome, the clean reads
of KS_1 were mapped against the tomato genome [25]. A total of 24,453,586 clean reads did not map to
the tomato genome. The clean reads of KC were consequently further pooled, yielding a total number
of 61,544,598 reads, which were then used to perform the Trinity program for the de novo assembly
of the F. proliferatum reference transcriptome. This analysis yielded 89,716 transcripts expressed from
75,044 unigenes (Table 2). The length of the unigenes ranged from 201 to 17,632 bp, with an N50 length
of 1283 bp, a mean length of 767 bp and a median length of 419 bp. The transcript and unigene length
distribution is shown in Figure 2. Around 26.80% of the transcripts were longer than 1 kb. To assess
the quality of the sequencing and de novo assembly, all the assembled clean reads were mapped onto
the F. proliferatum reference transcriptome. Mapping ratios of 93.31% and 74.65% were obtained for KC
and KS_1, respectively.

Figure 2. Distribution of transcript and unigene length in the assembled F. proliferatum reference transcriptome.

Table 2. Sequence summary of transcriptome assembly statistics.

Category Total Number Min Length (bp) Mean Length (bp) Median Length (bp) Max Length (bp) N50

Transcripts 89,716 201 853 471 17,632 1443
Unigenes 75,044 201 767 419 17,632 1283
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2.3. F. proliferatum Reference Transcriptome Annotation

In a search against the NCBI non-redundant (Nr) protein database, the annotation of the
de novo assembled gene annotation revealed 46,292 unigenes (61.68%) with significant homology
hits (e-value = 1 × 10−5) (Table 3). Half of the unigene sequences were more than 95% identical to
the mapped sequences in the Nr database, while 70.2% of the unigenes had significant homology
hits (e-value < 1 × 10−30) (Figure 3A, B). A total of 39,854 unigenes (53.10%) were matched to the
SwissPort database. The mapping rates of the unigenes against the NCBI nucleotide (Nt), Kyoto
Encyclopedia of Genes and Genomes Orthology (KO), Protein family (Pfam) and euKaryotic Ortholog
Groups (KOG) databases were 83.30%, 28.21%, 50.09% and 32.43%, respectively. As shown in Table 3,
a total of 71,878 unigenes (95.78%) were annotated in at least one database. According to a species
classification analysis, only 16,734 unigenes (22.3%) had a high homology with the Fusarium fujikuroi
genes, followed by the Botrytis cinerea (4352 unigenes, 5.8%) and Penicillium oxalicum (3226 unigenes,
4.3%) genes, while 46,752 unigenes (62.3%) had a high homology with sequences from other organisms
(Figure 3C). According to BLASTx results, half of the F. proliferatum unigenes did not have any
annotation, even though some of them were highly expressed. These unigenes may code for new
proteins, which would account for the fact that no homologous genes from other Fusarium species
could be found in the databases used this study.

Table 3. Annotationresults of the assembled unigenes.

Database Number of Unigenes Percentage (%)

Annotated in Nr 46,292 61.68
Annotated in Nt 62,514 83.3
Annotated in KO 21,172 28.21

Annotated in SwissPort 39,854 53.10
Annotated in Pfam 37,595 50.09
Annotated in GO 38,947 51.89

Annotated in KOG 24,338 32.43
Annotated in all databases 12,073 16.08

Annotated in at least one database 71,787 95.78
Total unigenes 75,044 100

KO: Kyoto Encyclopedia of Genes and Genomes Orthology; GO: Gene ontology; KGO: euKaryotic Ortholog Groups.

Figure 3. Species distribution of F. Proliferatum unigenes. (A) Similarity distribution of top Basic Local
Alignment Search Tool (BLAST) hits for each unigene; (B) e-value distribution of BLAST hits with a cut
off e-value of 1 × 10−5; (C) Species distribution for top BLAST hits in the Nr database.

The gene annotation showed that a total of 38,947 unigenes (51.89%) had at least one annotation
characterized by gene ontology (GO) terms. According to the three Blast2GO categories, the GO terms of
F. proliferatum unigenes could be grouped into the following categories: biological process, molecular
function and cellular component (Figure S2). As shown in Table S1, the unigenes were assigned with one
or more GO terms. In the biological process category, unigenes annotated to cellular process (18.14%) and
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single-organism process (14.02%) terms were the most dominant, followed by metabolic process (13.92%)
and regulation of biological process (10.02%) terms. In the cellular component category, unigenes
assigned to cell part (22.13%), membrane (16.12%) and membrane part (12.02%) terms were highly
represented. Some of the unigenes were assigned to cell part terms, as a result of being of a similar
category to the recently reported transcriptomes of Fusarium oxysporum f. sp. Ciceris, the fungus that
causes vascular wilt in chickpeas [26]. For the molecular function category, unigenes related to catalytic
activity (37.65%) and binding (32.71%) were found to be most abundant.

After the GO analysis, the unigenes were assigned to the KOG database for a functional prediction
and classification. A total of 24,338 unigenes were grouped into 26 KOG classifications (Figure 4).
A high percentage of unigenes was assigned to the KOG’s general function prediction (3674, 15.09%)
category, followed by the following categories: posttranslational modification, protein turnover,
chaperones (3206, 13.17%), translation, ribosomal structure and biogenesis (2604, 10.69%), energy
production and conversion (2014, 8.27%), and signal transduction mechanisms (1924, 7.90%).

Figure 4. euKaryotic Ortholog Groups (KOG) functional categories for F. proliferatum.

Meanwhile, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to search
for active biochemical pathways in all unigenes of F. proliferatum. A total of 14,607 unigenes were
clustered into 276 KEGG pathways (Figure 5 and Table S2), and the most represented classification was
based on metabolism categories. Carbohydrate metabolism (2694 unigenes), amino acid metabolism
(1879 unigenes), energy metabolism (1651 unigenes) and lipid metabolism (1306 unigenes) were the main
metabolic pathways. KEGG organismal-system categories included the endocrine system (1089 unigenes),
nervous system (681 unigenes) and immune system (635 unigenes). In the genetic-information processing
categories, the most significant enriched KEGG pathways were translation (2619 unigenes), followed
by folding, sorting and degradation (1594 unigenes). Additionally, the most abundant subcategories in
KEGG environmental-information processing and cellular processes categories were signal transduction
(1941 unigenes) and transport and catabolism (1360 unigenes), respectively. The above functional
annotations indicated that the clustered unigenes represented an extensive catalog encompassing a large
proportion of the genes expressed in F. proliferatum.
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Figure 5. Pathway assignment based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG). (A) Classification based on cellular processes categories; (B) classification based on
environmental-information processing categories; (C) classification based on genetic-information
processing categories; (D) classification based on metabolism categories; and (E) classification based on
organismal-system categories.

2.4. F. proliferatum Differental Gene Expression in KS_1

After mapping against the de novo F. proliferatum transcriptome, a total of 18,075 differentially
expressed genes (DEGs) were found to display a significant differential expression in KS_1 compared
to KC (q-value < 0.005 and |log2 (foldchange)| > 1) (Figure S3). Overall, the majority of the DEGs
(14,766, 81.69%) in KS_1 were upregulated genes, while only 3309 DEGs were downregulated genes,
suggesting a strong interaction between F. proliferatum and the tomato leaves.

Our transcriptome analysis provides a further view on the expression of F. proliferatum genes at
96 hpi. However, it is worth pointing out that our RNA-seq analyses were generated from two
treatments, one from KS_1 and the other from KC. As a consequence, the interpretation of the
transcriptome data may be potentially biased. To confirm the RNA-seq profiles, quantitative real-time
PCR (qRT–PCR) was used to examine 17 randomly selected genes using three independent biological
replicates of KS_1 and KC (Figure 6). The fold change (log2 ratio) was used to validate the results when
comparing qRT–PCR gene-expression levels with the RNA-seq gene FPKM (fragments per kilobase
of exon per million fragments mapped) values (Table S3). The result indicated that the unigenes’
expression profiles obtained from the two approaches were basically consistent.
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Figure 6. Validation of the expression of differentially expressed genes (DEGs) in F. proliferatum by
Quantitative real-time PCR (qRT-PCR).

Using the F. proliferatum reference transcriptome, a GO enrichment analysis compared KS_1 and
KC in order to understand the functional differences among DEGs. A corrected p-value below 0.05
indicated that the function was enriched. In the GO enrichment analysis, the biological process category
was most abundant, followed by the molecular function category and the cellular component category
(Figure S4). Highly enriched DEGs in KS_1were involved in the macromolecular complex, hydrolase
activity, protein complex, ion transport and substrate-specific transporter activity. The macromolecular
complex has been shown to be involved in the catabolic process of chitin, which is usually associated
with the biosynthesis of fungal cell walls [26]. Hydrolase activity, released during the infection process,
is key to the maintenance of wall plasticity associated with the fungal cell [27]. Our data indicated that
the genes for ion transport were significantly enriched in the enriched DEGs in KS_1, suggesting that
these DEGs may be essential for the pathogen to absorb nutrients from its host and for it to export
fungal secondary metabolites and toxic compounds to the outside.

The KEGG enrichment analysis also compared KS_1 and KC in order to elucidate the significantly
enriched biochemical pathway of DEGs in F. proliferatum (Figure S5). The most upregulated DEGs in
KS_1 were those that were involved in the oxidative phosphorylation pathway, followed by the starch
and sucrose metabolism (Figure S6A). Other upregulated DEGs in KS_1 included those associated
with protein processing in the endoplasmic reticulum, ribosome, endocytosis, and amino sugar and
nucleotide sugar metabolism. The major pathways triggered by F. oxysporum. f. sp. ciceris during
conidial germination include the starch and sucrose metabolism, the amino sugar and nucleotide
sugar metabolism, and the propanoate metabolism [26]. We also found these pathways in our study,
and a large number of upregulated DEGs were associated with them. However, most of the DEGs in
KS_1 involved in RNA transport, the cysteine and methionine metabolism, various types of N-glycan
biosyntheses, lysine degradation, the purine metabolism and RNA degradation were upregulated
(Figure S6B).

2.5. F. proliferatum Candidate Effectors

In plant–microbe interactions, some secreted proteins play an important role in promoting
the fungal infection of host plants. Filamentous pathogens are known to secrete an arsenal of
effector proteins that regulate innate immunity in plants and that facilitate the development of plant
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diseases [28]. Numerous effectors of Fusarium have been identified, such as F. oxysporum, F. graminearum,
F. verticillioides and F. virguliforme [16,18–20]. However, the effectors in F. proliferatum have not been
well studied on the molecular level. A total of 184 candidate effector genes were identified from the
DEGs that were used to encode secreted proteins (Table S4), and most of these candidate effector
genes (147,79.89%) were upregulated in KS_1. The cysteine content of 184 candidate-effectors encoded
proteins ranged from 2.02% to 15.31%, with 24 candidate effectors having more than 10% of cysteine,
while the majority (128, 69.65%) had less than 5% cysteine. This result is similar to the cysteine content
previously identified in small secreted cysteine-rich proteins in F. graminearum [18].

As anticipated, 39.13% of the candidate effectors in this study lacked homology with known
proteins and were annotated as hypothetical proteins in the Nr database. This is consistent with
the identified effectors from filamentous fungi [29,30]. Only 37 candidate effectors (20.10%) had
functional annotations in the Nr database (Table S4). Further analysis revealed that some of the
secreted proteins reportedly associated with fungal pathogenicity were also found in our study:
for example, the glycosylphosphatidylinol (GPI)-anchored cysteine-rich fungal effector motif (CFEM)
domain protein, the cell-wall protein, and the hydrophobin and blastomyces yeast-phase-specific
(BYS1) domain protein. The CFEM domain is conserved in ascomycetes and is an inadenylate
cyclase (MAC1)-interacting (ACI1) protein first discovered and isolated from Magnaporthe grisea [31].
CFEM-containing proteins play important roles in the pathogenesis of fungi, acting as signal
transducers, cell-surface receptors, or adhesion molecules in host–pathogen interactions [31].
After BLAST, three candidate effectors (DN78913, DN18169 and DN67233) were found to contain
the CFEM domain against the domain conserved in the Nr database. The functional annotation
indicated that DN18169 and DN67233 may belong to the GPI-anchored CFEM domain protein.
The GPI-anchored CFEM domain protein can interact with a fungal adenylate cyclase controlling
appressorium formation, which is a critical step in the development of rice blast disease [31] and
fusarium head blight (a devastating disease in wheat) [18]. Hydrophobins are secreted proteins that
are expressed during plant–fungus interaction. In addition, they are located on the outer surfaces
of the cell walls of the mycelia and conidia, and they have been shown to mediate fungus–host
interaction [32]. We found that two candidate effectors (DN18029 and DN2243) are homologous to
hydrophobins. The BYS1-domain protein was originally purified from the pathogenic dimorphic
fungus Blastomyces dermatitidis [33], which was found in two candidate effectors (DN33323 and
DN69307), suggesting that the BYS1-domain protein may be involved in the pathogenicity of
F. proliferatum-infected tomato plants. On the other hand, concanavalin A-like lectin/glucanase
has been identified as an effector protein in Pyrenophorateres f. teres [34], which was also found in
the candidate effector DN57353. Candidate effectors homologous to acid phosphatase, adhesin,
clock-controlled protein-like protein, glycoside hydrolase protein and tyrosinase were also identified
from the secreted proteins of F. proliferatum-infected tomato plants.

Finally, to investigate the expression profiles of the candidate effector genes at six different time
points following infection during F. proliferatum–tomato interaction, ten of the 17 candidate effector
genes confirmed above by qRT–PCR were subjected again to qRT–PCR using infected leaves from
0, 12, 24, 48, 72 and 96 hpi. The expression of DN18029 increased steadily from 0 to 96 hpi, but high
expression levels of DN263, DN20100 and DN12525 were observed only at 96 hpi (Figure 7). However,
DN7752 and DN18238 were expressed at relatively high levels at 96 hpi, whereas DN56938 and
DN15992 were expressed at high levels at 48 hpi, and DN6537 and DN77847 at 72hpi.

3. Materials and Methods

3.1. Biological Material and Inoculation Assays

The Fusarium proliferatum (Matsushima) Nirenberg strain used in this study was originally
isolated from the leaves and stems of infected tomato plants obtained from a commercial tomato
greenhouse in Dalian, Liaoning Province, China in January 2014, and it was obtained as previously
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described [3]. Tomato plants (S. lycopersicum ′Zaofen No. 2′) were grown individually in plastic pots
(10 cm diameter × 8 cm height) and placed in a growth chamber set at 25 ◦C under a 16 h light/8 h
dark photoperiod. Mycelia and spores were harvested from the fungus grown on PDA medium at
25 ◦C in the dark for 7 days. To simulate a F. proliferatum infection, three-week-old tomato plants were
sprayed with a conidial suspension of F. proliferatum containing 1 × 108 spores/mL. After spraying,
the plants were placed in a 25 ◦C dark growth chamber with 100% relative humidity for 24 h.

Figure 7. Expression levels of ten F. proliferatum candidate effector genes at six different time points
(0, 12, 24, 48, 72 and 96 hpi) as determined by qRT–PCR analyses. The β-tubulin and ubiquitin genes
were used as two internal control genes for normalization.

3.2. Evaluation of Time Course of F. proliferatum Infection

The inoculation assays of F. proliferatum-infected tomato plants were performed as described above.
Infected leaf tissues were collected at 0, 12, 24, 48, 72 and 96 hpi after the F. proliferatum were sprayed
with a conidial suspension containing 1 × 108 spores/mL. The mycelia and infected leaf materials were
immediately frozen in liquid nitrogen and stored at −80 ◦C. After the RNA extraction, the samples
were subjected to RNA-seq sequencing and qRT-PCR to verify the observed gene expression patterns.
For microscopic observation, F. proliferatum-infected tomato leaves were manually cut into 2 to 3 mm
pieces with a sterile scalpel and immediately placed in a pre-cooled 2.5% glutaraldehyde fixative for at
least 2 h at 4 ◦C at different time points. The samples were observed using the Nova NanoSEM450
scanning electron microscope (FEI Corporation, San Francisco, CA, USA). Our observations were
carried out for leaves taken at different hpis.

3.3. Transcriptome Profiling

The tomato plants were inoculated with F. proliferatum as described previously. The Fusarium proliferatum
(Matsushima) Nirenberg strain was cultured in a PDA medium at 25 ◦C in the dark for 7 days.
The mycelia was then gently scraped from the plates with a sterile lab spoon as a KC sample. For total
RNA extraction, mycelia and infected leaf materials were ground to a powder in liquid nitrogen
using a mortar and pestle using TRIzol® LS Reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions. For the RNA-seq analysis, RNA isolation was conducted using
mycelia collected from 7-day-old PDA cultures (KC), and infected leaf tissues taken 96 hpi (KS_1) after
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F. proliferatum’s inoculation via a conidial suspension. For each specimen, RNA was extracted from
a mixture of three independent biological replicates. Polyadenylated (Poly(A)) mRNA was isolated
from the total RNA, and cDNA libraries were then constructed and sequenced at the 2 × 150 bp
paired-end read mode with Illumina HiSeq®2500, performed at Novogene Corporation, Beijing, China,
in accordance with the manufacturer's standard protocol.

After discarding the adapter-only reads, subsequent analyses first used low-quality reads with
ambiguous bases and reads with more than 50% Qphred ≤ 20 bases from generated raw paired-reads,
then used the clean reads from the filtered and trimmed reads. The quality of the two libraries was
controlled with FastQC. As the KS_1 sample contained both host and fungal transcriptomes and the
KC sample contained only the fungal transcriptome, the clean reads from the KS_1 library were aligned
with the S. lycopersicum SL2.50 genome (https://www.ncbi.nlm.nih.gov/genome/?term=Solanum+
lycopersicum+L), and the unmapped clean reads were generated by using TopHat version 2.0.6 [35].
Following this, the clean reads from the KC library and the unmapped clean reads from the KS_1 library
were used as input to generate a preliminary assembly via the de novo assembly of the F. proliferatum
transcriptome using Trinity software with a default k-mer length of 25 [36]. The assembled contigs
were processed with CD–HIT–EST with an identity threshold of 95% in order to remove redundant
transcripts [37]. Low-complexity sequences were masked using DustMasker, and sequences with
fewer than 200 bp were discarded. After the assembly, a unigene dataset was produced by performing
clustering on scaffolds using TGI Clustering tools [38]. Again, the unigenes were mapped to the
S. lycopersicum genome to further exclude the contaminating sequences. Finally, the resulting transcript
dataset was taken as a F. proliferatum reference transcriptome for further analysis.

3.4. Transcriptome Annotation and DEG

An open reading frames (ORFs) prediction was performed using the European molecular biology
open software suite [39], and the longest ORF was extracted from each unigene. After this, all unigenes
were annotated using BLASTx alignments by comparing their sequences with various protein
databases, including the Nr (http://www.ncbi.nlm.nih.gov/), SwissPort (http://www.ebi.ac.uk/
uniprot/), KOG (http://www.ncbi.nlm.nih.gov/KOG/) and KEGG (http://www.genome.jp/kegg/)
databases, with an e-value cutoff of 1 × 10−5. A functional annotation by GO term of all the
assembled unigenes was performed with the Blast2GO program (https://www.blast2go.com/). Finally,
the WEGO software (http://wego.genomics.org.cn/) was used to perform a GO function classification
and reveal the distribution of gene functions in F. proliferatum at the macromolecular level. Gene
expression levels were estimated by RNA-seq expression estimation for the two samples by expectation
maximization (RSEM) [40], and FPKM was the most commonly used method to normalize gene
expression levels [41].

Prior to the differential gene expression analysis, the edgeR program package was used to
adjust the read counts in each sequenced library. To identify DEGs, a comparison between the two
samples was performed using the DEGseq 1.12.0 R package (R Foundation for Statistical Computing,
Vienna, Austria) [42]. The p-value was adjusted using the q-value [43], and the fold change (log2ratio)
was estimated according to the normalized gene expression level in the two samples. In this paper,
q-value < 0.005 and |log2 (foldchange)| > 1 were set as the threshold for the DEGs.

3.5. Candidate Effector Gene Prediction

Several prediction algorithms were utilized to predict the putative secreted proteins. The program
TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/) was used to predict the cleavage sites for the
predicted presequences. Signal peptide cleavage sites were identified using SignalP 4.1 (http://www.
cbs.dtu.dk/services/SignalP/), after which transmembrane helices were detected with TMHMM 2.0
(http://www.cbs.dtu.dk/services/TMHMM-2.0/) [4]. Putative candidate effector proteins identified
through the transcriptomic analysis of F. proliferatum were selected based on four conditions: (1) the
presence of N-terminal signal peptide cleavage sites; (2) the effector proteins having fewer than
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200 amino acids; (3) the percentage of cysteine content being greater or equal to 2%; and (4) no
transmembrane helices in the mature proteins.

3.6. Quantitative RT-PCR Assay

The tomato plants were inoculated with F. proliferatum as described previously. Infected leaf
tissues were collected at 0, 12, 24, 48, 72 and 96 hpi after the F. proliferatum was sprayed with a conidial
suspension containing 1 × 108 spores/mL. Following this, the total RNA of each sample was extracted
as described previously. Seventeen of the DEGs identified via the RNA-seq analysis were randomly
selected for confirmation by qRT–PCR. The primers were designed from ten candidate-effector
gene sequences using Primer-Premier 5 software (Premier Biosoft Interpairs, Palo Alto, CA, USA).
The β-tubulin [44] and ubiquitin [23] genes were both used simultaneously as two internal control
genes in order to obtain a more accurate quantitative result (Table S5). For the qRT–PCR, a first-strand
cDNA synthesis was performed using RNA samples from KC, KS_1 and the tomato leaf tissues
collected at six different time points (0, 12, 24, 48, 72 and 96 hpi) following F. proliferatum’s inoculation
via a conidial suspension. This synthesis was performed using a PrimeScript™ RT reagent kit
with a gDNA Eraser (TaKara, Dalian, China), in accordance with the manufacturer's instruction.
The Mx3005p™ detection system (Agilent Stratagene, Santa Clara, CA, USA) was used to determine
gene expression viaqRT–PCR. Quantitative RT–PCR was performed on cDNA samples (diluted 1:10)
using SYBR®Premix Ex Taq™ II (TliRNaseH Plus) (Takara), in accordance with the manufacturer’s
instruction. The samples were first incubated at 95 ◦C for 30 s. This was followed by 40 amplification
cycles at 95 ◦C for 10 s, 60 ◦C for 25 s, and then 72 ◦C for 25 s. Using the geNorm program manual,
the threshold cycle (CT) values of two reference genes and ten candidate effector genes were quantified
with the comparative CT Method. The normalization factor values of the two reference genes were
then automatically calculated via geNorm. The standard deviation was calculated according to the
mathematical formulae in the geNorm manual [45]. The data for KC, KS_1 and the tomato leaf
tissues collected at six different time points were analyzed by one way-ANOVA contained in the
SPSS 17.0 software. Differences between samples were considered to be statistically significant at the
p < 0.05 level.

3.7. Accession Numbers

All RNA-seq reads generated in this study were deposited at the GenBank SRA database
(http://www.ncbi.nlm.nih.gov/sra) under the BioProject ID PRJNA397359.

4. Conclusions

In conclusion, this study is the first to report the use of transcriptome analysis as a means of
screening effector genes that are involved in F. proliferatum-infected tomato interactions. De novo
sequencing of the F. Proliferatum transcriptome yielded new insights into the molecular pathogenicity
of this important tomato plant fungus. Using bioinformatics and functional analysis, a total of
184 candidate effector genes were identified from a high number of DEGs. Most of the candidate
effector genes were expressed as hypothetical proteins, so the functional verification of these candidate
effector genes and their respective roles in F. proliferatum would need further investigation. There is no
doubt that the result of such findings will accelerate the identification of effector genes that play a key
role in the resistant or susceptible responses of the tomato plants.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/1/31/s1.
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DEGs Differentially expressed genes
qRT–PCR Quantitative real-time PCR
SIX Secreted in xylem
SGE1 Secreted gene expression
NCBI National Center of Biotechnology Information
RNA-seq Ribonucleic acid sequencing
Hpi Hourspost-inoculation
PDA Potato dextrose agar
Nr Non-redundant
Nt Nucleotide
KEGG Kyoto encyclopedia of genes and genomes
KO Kyoto encyclopedia of genes and genomes Orthology
Pfam Protein family
KOG euKaryotic Ortholog Groups
BLAST Basic Local Alignment Search Tool
GO Gene ontology
FPKM Fragments per kilobase of exon per million fragments mapped
GPI Glycosylphosphatidylinol
CFEM Cysteine-rich fungal effector motif
BYS1 Blastomyces yeast-phase-specific
Poly(A) Polyadenylated (Poly(A))
ORFs Open reading frames
RSEM RNA-seq expression estimation by expectationmaximization
CT Threshold cycle
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Abstract: Kiwifruit bacterial canker caused by Pseudomonas syringae pv. actinidiae (Psa) has brought
about a severe threat to the kiwifruit industry worldwide since its first outbreak in 2008. Studies on
other pathovars of P. syringae are revealing the pathogenesis of these pathogens, but little about the
mechanism of kiwifruit bacterial canker is known. In order to explore the species-specific interaction
between Psa and kiwifruit, we analyzed the transcriptomic profile of kiwifruit infected by Psa.
After 48 h, 8255 differentially expressed genes were identified, including those involved in metabolic
process, secondary metabolites metabolism and plant response to stress. Genes related to biosynthesis
of terpens were obviously regulated, indicating terpens may play roles in suppressing the growth
of Psa. We identified 283 differentially expressed resistant genes, of which most U-box domain
containing genes were obviously up regulated. Expression of genes involved in plant immunity
was detected and some key genes showed differential expression. Our results suggest that Psa
induced defense response of kiwifruit, including PAMP (pathogen/microbe-associated molecular
patterns)-triggered immunity, effector-triggered immunity and hypersensitive response. Metabolic
process was adjusted to adapt to these responses and production of secondary metabolites may be
altered to suppress the growth of Psa.

Keywords: kiwifruit; bacterial canker; Psa; resistance

1. Introduction

Kiwifruit bacterial canker disease was first reported on Actinidiae chinesis var. deliciosa in Shizuoka,
Japan in 1984 [1]. In 2010, the pathogen Pseudomonas syringae pv. actinidiae (Psa) was detected in New
Zealand, and within two years it infected 37% of New Zealand orchards and continues to increase [2].
To date, Psa has been detected in the main kiwifruit producing countries, including China, Chile,
and European countries [3,4]. Pathovars of the species P. syringae cause important diseases in a wide
range of plant species. To look for the way to control these diseases, researchers worldwide are trying to
find the pathogenesis of P. syringae. Plants hold a complete immune system which is composed of two
lines of defense. The first is PAMP-triggered immunity (PTI), which recognizes molecular microbial
determinants, termed pathogen/microbe-associated molecular patterns (PAMPs/MAMPs), via pattern
recognition receptors (PPRs) [5]. The second line is termed effector-triggered immunity (ETI) which
detects injected effector proteins in the cytoplasm by resistance proteins and elicits further immunity.
PTI and ETI can combine to cause hypersensitive response (HR) at infection site, which involves
programmed cell death.

Studies on the pathogenesis of Psa are limited, but works on other pathovars of P. syringae
especially the model species P. syringae pv. tomato DC3000 give us the chance to view the interactivity
between P. syringae and the host. A functional hypersensitive response and pathogenicity (hrp
pathogenicity island [PAI]) type III secretion system (T3SS) that directs the delivery of effector proteins
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into host cells has been shown to be the key pathogenicity factor required for P. syringae to colonize
and parasitize host plants [6]. Plant immune system is a major target of type III effectors. P. syringae
suppresses plant immune system by translocating immune-suppressing effector proteins through
T3SS into plant cell [7]. Although effector proteins suppress immunity in some plants, in other plants,
they trigger ETI [8] upon their recognition by cognate resistance proteins which, in turn, activate a
secondary defense reaction HR [9].

The genome of Psa has been analyzed by different groups and genes possibly involved in
pathogenesis were identified. McCann and his colleagues [10] identified 51 known type III effectors
from four different clades of Psa and only 17 were found in all Psa genomes. This raised the possibility
that the capacity to cause disease in kiwifruit resided primarily in the core genome of Psa. Meanwhile
Psa also displayed a set of genes involved in degradation of lignin derivatives and other phenolics [11].
In-depth studies on Psa genomes have shown that this pathovar can rapidly adapt to a new host and
new environments through the acquisition and/or loss of mobile genetic elements and virulence factors,
thereby resulting in a multi-faceted plant pathogen [12]. In this study we analyzed the transcriptomic
profile of kiwifruit infected by Psa, hoping to explore the response of kiwifruit on the molecular level
and to lay foundation for understanding the pathogenesis of kiwifruit canker disease.

2. Results

2.1. De Novo RNA-Seq Assembly and Annotation of Unigenes

The valid reads from all samples were merged for de novo assembly using trinity software. A total
of 110,134 unigenes with a N50 of 1226 bp were obtained (Table 1). All unigenes were longer than
200 bp and the average length was 759 bp. Functional annotation of unigenes were performed by
blasting against various databases. Of all the 110,134 unigenes, 50,305 (45.68%) matched to known
sequences, with 49,897 (45.31%) matching to sequences in Nr (non-redundant protein sequences)
database, 34,331 (31.17%) matching to Swissprot database, 30,430 (27.63%) matching KOG (Clusters of
eukaryotic ortholog groups of proteins) database, 20,524 (18.64%) matching KEGG (Kyoto encyclopedia
of genes and genomes) database.

Table 1. Functional annotation of the kiwifruit unigenes.

Database Number of Unigenes Percentage

Nr 49,897 45.31
Swissprot 34,331 31.17

KOG 30,430 27.63
KEGG 20,524 18.64

Annotation gene 50,305 45.68
Without annotation gene 59,829 54.32

Total unigenes 110,134 100.00

Nr: non-redundant protein sequence; KOG: Clusters of eukaryotic ortholog groups of proteins; KEGG: Kyoto
encyclopedia of genes and genomes.

2.2. Functional Classification of Unigenes

To better understand functions of the unigenes, we did GO (Gene Ontology) analysis and
categorized the 20,524 unigenes matching to KOG database into three GO trees (biological processes,
cellular components, and molecular functions), which were further classified into 48 functional groups
(Figure 1). The three groups with the most number of unigenes in the category of biological process
were cellular process, metabolic process and single-organism process. Groups with the most unigenes
in cellular component were cell, cell part and organelle. Binding and catalytic activity were the biggest
groups in molecular function.
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Figure 1. Gene Ontology classification of unigenes.

2.3. Analysis of Differentially Expressed Unigenes

Expression level of each unigene was calculated and differentially expressed genes (DEGs)
between Psa-treated sample and control at 48 and 96 h time points were identified. Cluster analysis of
unigenes of the five samples was done (Figure 2). Compared with the other four samples, expression
pattern of CK was obviously different and presented the most number of DEGs. PY3, XJ3, PY4, and XJ4
gradually showed more expression differences.

Twelve unigenes were randomly selected for qRT-PCR analysis (Figure S1) to validate the results
of the RNA sequencing data. All of the selected unigenes exhibited similar expression patterns to those
from RNA sequencing data, so indicating that the results of RNA sequencing were credible.

2.4. Functional Classification of Differentially Expressed Genes

Enrichment and classification of the DEGs were performed by searching GO and KEGG database
(Tables S1 and S2). In the category of biological process, GO terms of cellular process, metabolic process
and single-organism process enriched the most DEGs (Figure 3). In the category of cellular component,
cell, cell part and organelle part enriched the most DEGs. Binding and catalytic activity got the most
DEGs in the category of molecular function. Most of GO terms in the category of biological process
had more DEGs up regulated by Psa treatment than those down regulated, and it was the opposite
case in the cellular component category.

We compared the expression patterns between Psa-treated samples and control at 48 and 96 h
respectively. There were totally 8255 (7.50%) DEGs (Table S3) between PY3 and XJ3, of which 2733 DEGs
were down regulated in XJ3 relative to PY3, and 5522 DEGs were up regulated. Only 4281 DEGs
(Table S4) were identified between PY4 and XJ4, and the numbers of DEGs down regulated and
up regulated were similar. Among the most differentially expressed genes between PY3 and XJ3,
we identified DEGs participating in terpene synthesis, salicylic acid-binding, jasmonate, disease
resistance, ethylene response and WRKY transcription factor which were all related to disease
resistance of plant. There were also many DEGs participating in biosynthesis of secondary metabolites,
environmental adaptation and carbohydrate metabolism.
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Figure 2. Cluster of significant differentially expressed genes of the five experimental samples.
The RPKM (reads per kb per million reads) values of unigenes were used for hierarchical cluster
analysis. Expression level was showed by different colors, the redder the higher expression and the
bluer the lower. Five treatments were set: CK, only carved; PY3, inoculated with water and sampled
48 h after inoculation; PY4, inoculated with water and sampled at 96 h; XJ3, inoculated with Psa and
sampled at 48 h; XJ4, inoculated with Psa and sampled at 96 h.
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Figure 3. GO classification of differentially expressed genes.

The top 20 progresses influenced by Psa treatment were summarized in Table 2. The top one
and top four progresses were both related to terpene metabolism. Metabolic process enriched the
most abundant DEGs (1203) in the 20 progresses. Four of the 20 progresses: regulation of defense
response, regulation of response to stress, response to bacterium, and regulation of multi-organism
process were directly related to plant response to stress. KEGG analysis resulted that the pathway
of translation was the mostly influenced pathway and enriched the most abundant DEGs in the
top 20 pathways. Other pathways influenced by Psa treatment included metabolism of terpenoids,
polyketides, and other secondary metabolites, and metabolism of carbohydrate, amino acid, and lipid.

Table 2. The enriched differential progress top 20.

GO ID Description
DEGs Genes with

Pathway Annotation
(1521)

All Genes with
Pathway Annotation

(24,936)

1 Terpene biosynthetic process 7 7
2 Tricarboxylic acid metabolic process 20 120
3 Regulation of defense response 15 77
4 Terpene metabolic process 7 19
5 Citrate metabolic process 19 119
6 Regulation of response to stress 15 84
7 Acetate metabolic process 5 18

8 Positive regulation of microtubule
Polymerization or depolymerization 2 2

9 Metabolic process 1203 19,066
10 Lignin metabolic process 5 21
11 Apoptotic process 2 3
12 Regulation of cell size 2 3
13 phenylpropanoid metabolic process 15 128
14 Cellular amino acid catabolic process 6 33
15 Response to bacterium 27 282

16 Energy coupled proton transmembrane
Transport, against electrochemical gradient 11 88

17 Nucleoside diphosphate metabolic process 5 26
18 Cellular respiration 11 89
19 Regulation of multi-organism process 3 10
20 Arachidonic acid metabolic process 2 4

Multiple pathways involved in the metabolism of secondary metabolites were enriched,
including those related to metabolism of the three main kinds of secondary metabolites: terpenes,
phenols, and alkaloids (Table 3). Terpenes are the richest natural production and all of the
monoterpenoid, diterpenoid, triterpenoid, and sesquiterpenoid (carotenoid) and terpenoid backbone
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biosynthesis pathways were regulated by Psa infection. Expression of as many as 64 (6.92%) genes
in phenylpropanoid biosynthesis pathway which is the key progress in biosynthesis of phenols was
regulated. Gene encoding the key enzyme phenylalanine ammonia-lyase (PAL) in phenol biosynthesis
was found to be up regulated. Meanwhile, metabolism of the three main intermediate products
tryptophan, tyrosine, and phenylalanine of phenol biosynthesis was also influenced. Two pathways in
alkaloids biosynthesis were changed but the number of genes regulated only accounted a small part of
all the genes annotated.

Table 3. Enriched pathways involved in secondary metabolism.

Metabolites Pathway ID Pathway

DEGs Genes
with Pathway

Annotation
(925)

All Genes with
Pathway

Annotation
(11,433)

Terpenes

ko00902 Monoterpenoid biosynthesis 8 (0.86%) 17 (0.15%)
ko00903 Limonene and pinene degradation 8 (0.86%) 32 (0.28%)
ko00904 Diterpenoid biosynthesis 8 (0.86%) 32 (0.28%)
ko00909 Sesquiterpenoid and triterpenoid biosynthesis 4 (0.43%) 17 (0.15%)
ko00906 Carotenoid biosynthesis 8 (0.86%) 51 (0.45%)
ko00905 Brassinosteroid biosynthesis 2 (0.22%) 17 (0.15%)
ko00900 Terpenoid backbone biosynthesis 9 (0.97%) 117 (1.02%)

Phenols

ko00940 Phenylpropanoid biosynthesis 64 (6.92%) 317 (2.77%)
ko00380 Tryptophan metabolism 28 (3.03%) 105 (0.92%)
ko00350 Tyrosine metabolism 14 (1.51%) 86 (0.75%)
ko00360 Phenylalanine metabolism 9 (0.97%) 84 (0.73%)
ko00941 Flavonoid biosynthesis 9 (0.97%) 91 (0.8%)
ko00944 Flavone and flavonol biosynthesis 1 (0.11%) 11 (0.1%)
ko00400 Phenylalanine, tyrosine and tryptophan biosynthesis 6 (0.65%) 89 (0.78%)

Alkaloids
ko00950 Isoquinoline alkaloid biosynthesis 7 (0.76%) 39 (0.34%)
ko00960 Tropane, piperidine and pyridine alkaloid biosynthesis 4 (0.43%) 42 (0.37%)

Pathogenesis-related (PR) proteins are thought to participate in plant-defense mechanism.
We searched the kiwifruit transcriptomic profile and identified genes encoding PR proteins belonging
to 10 families of the all 17 PR protein families (Table 4 and Table S5). We identified the most unigenes in
PR-9, PR-5 and PR-14 family with properties of peroxidase, thaumatin-like and lipid-transfer protein
respectively. Unigenes belonging to PR-1, PR-4, PR-5, PR-9, PR-10, and PR-12 showed differentially
expression in Psa-infected kiwifruit. Meanwhile we also identified genes encoding three kinds
of antimicrobial peptides: hevein-like peptide, knottin-type peptide and snakin peptide, of which
hevein-like peptide and snakin peptide were regulated by Psa infection.

Table 4. Differentially expressed genes encoding pathogenesis-related proteins.

Family Properties All Expressed Unigenes Differentially Expressed Unigenes

PR-1 Unknown 6 2
PR-2 β-1,3-glucanase 1 0
PR-4 Chitinase type I, II 2 1
PR-5 Thaumatin-like 39 6
PR-6 Proteinase-inhibitor 9 0
PR-9 Peroxidase 96 8
PR-10 “Ribonuclease-like” 1 1
PR-12 Defensin 3 1
PR-13 Thionin 3 0
PR-14 Lipid-transfer protein 21 0

We screened out the resistant genes from the RNA sequencing data by searching the R-Gene
database (PRGdb). In total, 4773 resistant genes were identified which could be grouped into 22 classes.
The biggest class was RLP which acts as receptors to recognize avirulence genes. Of all the resistant
genes identified, expression of 283 was changed by Psa treatment (Table 5). The class with the most
differentially expressed resistant genes was NL which holds domains NBS (nucleotide-binding site)
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and LRR (leucine-rich repeat). Classes CN, CNL, N, and TNL also hold the NBS domain. Classes
CNL, NL and TNL hold the LRR domain while RLK, RLK-GNK2, and RLP hold an extracellular
leucine-rich repeat (eLRR). So, most of the differentially expressed resistant genes hold a NBS domain
or a LRR domain. For most of the big classes, a certain number of genes exhibited regulated expression
patterns in XJ3. Of the resistant genes, 211 (Table S6) hold the U-box domain and 25 were differentially
expressed in Psa infected kiwifruit. Of the 25 differentially expressed U-box domain containing genes,
22 were up regulated in Psa infected kiwifruit and only three down regulated with small extent.

Table 5. The differentially expressed resistant genes.

Class
Number of All Identified

Resistant Gene
Number of Differentially

Expressed Genes

CN 123 6
CNL 411 25

L 19 0
Mlo-like 34 0

N 706 36
NL 828 69

Other 93 8
PTO 2 1

Pro-like 74 4
RLK 281 20

RLK-GNK2 246 13
RLK-Kinase 1 0

RLK-Malectina 1 0
RLK-Pro-like 1 0

RLP 1265 60
RLP-Malectin 5 0
RLP-Malectina 1 0

RPW8-NL 11 1
T 98 5

TNL 572 35
TNL-OT 1 0

2.5. Analysis of Genes in Plant-Pathogen Interaction

From KEGG analysis, we enriched genes participating in the pathway of plant-pathogen
interaction. A total of 593 related genes were identified (Table S2) and they involve almost all of
the processes of the plant-pathogen interaction pathway, including PTI, HR, stomatal closure, ETI,
and programmed cell death. Of all the 593 plant-pathogen interaction related genes, 59 showed altered
expression in Psa treatment (Figure S2). Two DEGs encoding a pattern recognition receptor (PRR)
CERK1 were identified, but it belonged to PRRs which recognize chitin PAMPs of fungus. Expression
of a protein kinase encoding gene CDPK was also regulated. It plays important roles in regulating
gene transcriptional changes and other cellular response. Two transcription factors WRKY25 and
WRKY29 also displayed changed expression. They participate in the MAPK (mitogen-activated protein
kinase) signal pathway and induce expression of defense-related genes. The other differentially
expressed transcription factors were pathogenesis-related genes transcriptional activator Pti1 and Pti4.
The PR1 gene which plays an important role in plant disease resistance takes part in multiple biological
processes including MAPK signaling pathway, plant hormone signal transduction and plant-pathogen
interaction. Its expression change in Psa treatment indicated its disease resistance function. We also
identified two differentially expressed disease resistance genes RPM1 and RPS2. They both function
with another resistance gene RIN4 and induce hypersensitive response. Expression regulation of the
above resistance genes in the plant-pathogen interaction pathway indicates that Psa treatment induced
plant immunity and led to functioning of the related resistance genes to protect the plant body.
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3. Discussion

Plants are organisms which cannot move like animals and therefore they cannot escape
potential threats from environment, including pathogens, arthropods, and abiotic stress. They survive
depending on constitutive physical and chemical defense mechanisms such as waxy cuticles, cell walls,
and phytoanticipins [13]. Besides these common defense mechanisms, plants also evolve a specific
immune system, namely PTI and ETI to defend themselves against various pathogens around them [14].
To successfully infect a plant, pathogens have to penetrate the physical layer and make use of plant
nutrition which would induce expression changes of various genes.

Secondary metabolites play important roles in regulation of plant growth and defense to
pests and pathogens [15]. Plants deploy numerous secondary metabolites to facilitate interaction
with biotic and abiotic environment. In our study, gene expression of the three main kinds of
secondary metabolites including terpenes, phenols, and alkaloids were influenced by Psa infection.
Terpenes are the largest class of natural products, many of which are toxic to insects [16], fungi [17],
and bacteria [18]. Expression changes of genes involved in biosynthesis of monoterpenoid, diterpenoid,
triterpenoid, sesquiterpenoid, and terpenoid backbone indicated that terpenes may play an important
role in interaction between kiwifruit and Psa. Changes in diterpenoid and triterpenoid were
particularly important, for the former is involved in gibberellin biosynthesis, and the latter involved in
brassinosteroid biosynthesis. Both of the two plant hormones were found to function in plant innate
immunity [19]. Expressions of eight genes related to biosynthesis of carotenoid which is tetraterpene
were all increased after Psa infection. Carotenoids are important antioxidants to sweep reactive oxygen
species produced by plant under stress [20].

Plant phenols are secondary metabolites with various structures. They work as signal compounds,
pigments, internal physiological regulators or chemical messengers, and function in the resistance
mechanism of plants against pathogens [21]. Most phenols biogenetically arise from the shikimate-
phenylpropanoid-flavonoids pathway where phenylalanine ammonia-lyase (PAL) plays the key
role in phenols production. Gene expression of PAL was up regulated in a sample infected by Psa
meanwhile the phenylpropanoid biosynthesis pathway and phenylalanine metabolism pathway
were also influenced. Metabolisms of tryptophan, tyrosine, and phenylalanine which are the mean
precursors of phenols were altered as well. The results above indicate that the whole metabolism
pathway of phenols was regulated and plant phenols may play an important role in kiwifruit resistance
to Psa.

Pathogenesis-related (PR) proteins are induced under various biotic and abiotic stresses. They play
an important role in plant-defense mechanism. We identified genes encoding PR proteins belonging to
10 families of the all 17 PR protein families characterized to date [22]. Unigenes belonging to PR-1, PR-4,
PR-5, PR-9, PR-10, and PR-12 showed differentially expression in Psa-infected kiwifruit. In another
study on kiwifruit by Beatrice [23], PR-1 and PR-5 expression was also induced by Psa. PR-1 proteins act
as a molecular marker for systemic acquired resistance response. PR-5 acts as antifungal; glucanase and
xylanase inhibitors; and α-amylase and trypsin inhibitors. Its down-regulation leads to susceptibility
of resist Piper colubrinum to the oomycete pathogen Phytophthora capsici [24]. PR-4 proteins bind to
chitin, and play an important role in enhancing the chitinase activity. The induction of PR4 transcripts
in wheat coleoptils and roots is correlated with the expression of the corresponding proteins that are
expressed only in the infected tissues [25]. PR-9 catalyzes cross-linking of macromolecules in plant cell
wall and produces a free radical like H2O2 against a wide range of pathogens [26]. PR-12 proteins are
small cysteine rich peptides providing protection against a broad range of organisms. They are known
to inhibit protein synthesis, enzyme activity and ion channel function [27]. Among these PR proteins,
PR-12 protein (defensin) and PR-13 protein (thionin) also act as antimicrobial peptides which are found
as host defenses against pathogens and pests in diverse organisms [28]. Genes encoding two other
antimicrobial peptides hevein-like peptide and snakin peptide were found to express differentially in
Psa-infected kiwifruit. Snakin peptide is involved in plant-pathogen interactions [29] and snaking-Z
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derived from Zizyphus jujube fruits displayed antimicrobial activity against different bacterial and
fungal [30].

Most disease resistance genes in plants encode nucleotide-binding site leucine-rich repeat
(NBS-LRR) proteins. NBS-LRR proteins are involved in detection of diverse pathogens, including
bacteria, viruses, fungi, nematodes, insects, and oomycetes. Expressions of many members of the
two subfamilies CNL (CC-domain-containing) and TNL (TIR-domain-containing) of NBS-LRR family
were detected in kiwifruit and 70 of them were found to be regulated in the Psa-infected kiwifruit.
Meanwhile, most of the differentially expressed resistance genes hold an NBS domain or an LRR
domain. The NBS domain is also called NB-ARC (nucleotide binding adaptor shared by NOD-LRR
proteins, APAF-1, R proteins and CED4) domain. It is thought to result in conformational changes that
regulate downstream signaling [31]. The LRR domain is involved in specific recognition of pathogen
effector molecules [32] and it also functions as a regulatory domain [33].

Ubiquitination regulates diverse cellular processes, including floral transition, circadian rhythm,
photomorphogenesis, and cell death [34,35]. In the study of Avr9/Cf-9 interaction, Gonzálezlamothe
and his colleagues [36] found that two of the three Avr9/Cf-9 Rapidly Elicited (ACRE) genes essential for
Cf -9- and Cf -4-dependent hypersensitive response encode putative E3 ubiquitin ligase components.
Our results identified 211 U-box domain-containing protein encoding genes, of which 25 were
differentially expressed in Psa-infected kiwifruit and 22 were up regulated. U-box is a derived version
of RING-finger domain that lacks the hallmark metal-chelating residues of the latter but is likely to
function similarly to the RING-finger in mediating ubiquitin-conjugation of protein substrates [37,38].
ACRE74 which encodes a U-box E3 ligase homolog was induced in Cf9 tobacco and Cf9 tomato after
Avr9 elicitation and its overexpression induced a stronger HR. This shows that the E3 ligase ACRE74
is essential for plant defense and disease resistance. PUB13 (plant U-box protein 13) is a well-studied
example in plant disease resistance. Silencing of the PUB13 induced spontaneous cell death, elevated
resistance to biotrophic pathogens but increased susceptibility to necrotrophic pathgenes [39]. Another
study showed that PUB13 is also involved in regulating the FLS2-mediated PTI [40]. In our study,
most of the differentially expressed PUB encoding genes were up regulated by Psa infection in kiwifruit,
indicating they may play an important role in the interaction between kiwifruit and Psa.

During the long term of interaction between plants and pathogens, plants have evolved a complete
defense system, namely PTI and ETI. This immune system will be triggered by recognition of PAMPs
or effector secreted by invading pathogens and induces expression of resistance genes. Meanwhile,
pathogens also can escape recognition by plants by lose or change of PAMPs and disturb ETI by new
evolved effectors [41]. Approximately 50 pathovars of P. syringae have been recognized [42], and they
cause economically important diseases in a wide range of plant species. Psa was first identified in
Japan in 1984 [1] and it might evolved from ancestor of other hosts [43]. Transcriptomic analysis of
kiwifruit infected by Psa contributes to explore the interaction between Psa and kiwifruit. Expressions
of many genes involved in PTI and ETI were detected and several important genes showed differential
expression in Psa-infected kiwifruit. CDPK and Rboh were PAMP induced genes which displayed
increased expression in Psa-infected kiwifruit. These two genes regulate the production of reactive
oxygen species [44,45] which induce HR. WRKY TFs are a large family involved in various plant
processes but most notably in coping with diverse biotic and abiotic stresses [46,47]. In this study,
four WRKY genes WRKY22, WRKY25, WRKY29, and WRKY33 were all up regulated by Psa infection.
WRKY22, WRKY29 and WRKY33 were also found to be up-regulated in Arabidopsis induced by
chitin [48]. Overexpression of WRKY25 resulted in increased disease symptoms to P. syringae infection,
possibly by negatively regulating salicylic acid (SA)-mediated defense responses [49]. Two Pti genes
were induced by Psa. Pti1 is involved in a Pto-mediated signaling pathway, probably by acting as a
component downstream of Pto in a phosphorylation cascade. Its expression in tobacco plants enhanced
the hypersensitive response to a P. syringae pv. tabacoo strain carrying the avirulence gene avrPto [50].
Pti4 confers resistance to P. syringae pv tomato that causes bacterial speck disease in tomato [51].
RIN4 in Arabidopsis is targeted by type III effectors AvrRpt2 and AvrRpm1 which inhibit PAMP-
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induced signaling and compromise the host’s basal defense system. The R proteins, RPS2 and RPM1
whose encoding genes were regulated by Psa sense type III effectors-induced perturbation of RIN4
and guard the plant against pathogens [52]. One heat shock protein (HSP) encoding gene HSP90 was
also down regulated. HSP90 is required for functioning of RPS2 and its inhibition reduces the HR and
abolishes resistance against P. syringae pv. tomato DC3000 [53].

4. Materials and Methods

4.1. Plant Materials and Treatments

The kiwifruit (Actinidia chinensis var. deliciosa) cultivar “Jinkui” kept in Institute of Botany,
Jiangsu Province and Chinese Academy of Science, China, was used in this study. Shoots of good
growth vigor were collected from kiwifruit trees and stuck in MS medium, and maintained in growth
chambers. The condition was set with a temperature of 25 ◦C and 12 h/12 h (light/dark) cycles.
After one week, seedlings were inoculated with the canker-causing bacteria Pseudomonas syringae
pv. actinidiae (Psa). Bacterial cells were suspended in distilled water and adjusted to an OD600 = 0.2,
and injected into the seedling stems which were carved with a knife. Five treatments were set: CK,
only carved; PY3, inoculated with water and sampled 48 h after inoculation; PY4, inoculated with
water and sampled at 96 h; XJ3, inoculated with Psa and sampled at 48 h; XJ4, inoculated with Psa and
sampled at 96 h. Phloem of each sample was collected with three biological replicates.

4.2. RNA Extraction, Transcriptome Sequencing and De Novo Assembly

Total RNA was isolated from phloem samples according the method of Cai [54], and mRNA
was enriched by Oligo (dT) bead. Then the enriched mRNA was fragmented into short fragments
(approximately 200–700 nt) and reverse transcripted into cDNA with random primers, and then the
second-strand cDNA were synthesized. Sequencing was done using Illomina HiSeqTM4000 by Gene
Denovo Biotechnology Co. (Guangzhou, China).

After filtering of low-quality raw reads, transcriptome de novo assembly was carried out with
short reads assembling program Trinity [55]. The assembled transcript whose length was larger than
200 bp was kept. The longest transcript in each locus was taken as the unigene.

4.3. Functional Annotation of Unigenes

BLASTx program (http://www.ncbi.nlm.nih.gov/BLAST) was used to annotate the unigenes,
with an E-value threshold of 10−5 to NCBI non-redundant protein (Nr) database (http://www.ncbi.
nlm.nih.gov), the Swiss-Prot protein database (http://www.expasy.ch/sprot), and the COG/KOG
database (http://www.ncbi.nlm.nih.gov/COG). The best alignment results were for protein functional
annotations. GO annotation of unigenes was analyzed by Blast2GO software [56], and functional
classification of unigenes was performed using WEGO software [57]. Kyoto Encyclopedia of Genes
and Genomes (KEGG) annotations were obtained in http://www.genome.jp/kegg.

For R-Gene analysis, protein coding sequences of unigenes were aligned by BLASTp to R-Gene
database PRGdb (http://prgdb.crg.eu/wiki/Main_Page).

4.4. Functional Analysis of Differentially Expressed Unigenes

The unigene expression was calculated and normalized to RPKM (Reads Per kb per Million
reads) [58]. The edgeR package (http://www.r-project.org/) was used to identify differentially
expressed genes (DEGs) between Psa treated sample and control. Genes with a fold change ≥ 2 and
a false discovery rate (FDR) ≤ 0.05 in a comparison were defined as significant DEGs. All DEGs
were mapped to GO terms in the Gene Ontology database (http://www.geneontology.org), and gene
numbers were calculated for every term. Significantly enriched GO terms in DEGs comparing to the
genome background were defined by hypergeometric test. The rigorous FDR correction method was
for q value correction, and GO terms were defined as being significantly enriched when the q value

159



Int. J. Mol. Sci. 2018, 19, 373

was ≤0.05. KEGG pathway enrichment analysis was done to identify significantly enriched metabolic
pathways or signal transduction pathways in DEGs comparing with the whole genome background.
Pathways with q value ≤ 0.05 were defined as significantly enriched.

4.5. Quantitative RT-PCR Analysis

To test the expression results from transcriptome sequencing, we determined the expression levels
of 12 randomly selected unigenes through the method of qRT-PCR. Primers were designed using
Primer5 software (Table S7), and AdActin was used as internal control. We performed qRT-PCR using
the SYBR® Premix Ex TaqTM (Perfect Real Time, Dalian, China) (TaKaRa Code: DRRO41A), with PCR
conditions of 40 cycles of 95 ◦C for 20 s, 60 ◦C for 20 s, and 72 ◦C for 40 s. Relative gene expression was
calculated according to the 2−��Ct method [59].

5. Conclusions

In order to explore the interaction between Psa and its host kiwifruit plants, we analyzed the
transcriptome of kiwifruit infected by Psa. In total, 8255 differentially expressed genes were identified,
including those involved in secondary metabolites metabolism, NBS-LRR protein encoding genes,
and genes of plant immunity system PTI and ETI. Expression changes of genes involved in the
secondary metabolism especially the biosynthesis of terpenes were evident, indicating the probable
role of secondary metabolites in plant defense. Expressions of genes encoding NBS-LRR proteins
which are usually products of resistance genes were also found to be regulated. Among these NBS-LRR
protein genes, we noted that U-box domain containing genes were obviously differentially expressed.
PUB proteins mediate ubiquitin-conjugation of protein substrates, and may function in HR. Expression
of genes involved in PTI and ETI was detected and some key genes showed differential expression in
Psa-infected kiwifruit. These genes play important roles in plant immunity system, such as PAMP and
effector recognition, signal transduction, HR and defense related gene induction. We hope our results
will facilitate the future study of interaction between Psa and kiwifruit.
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Abstract: Fungi possess diverse photosensory proteins that allow them to perceive different light
wavelengths and to adapt to changing light conditions in their environment. The biological and
physiological roles of the green light-sensing rhodopsins in fungi are not yet resolved. The rice plant
pathogen Fusarium fujikuroi exhibits two different rhodopsins, CarO and OpsA. CarO was previously
characterized as a light-driven proton pump. We further analyzed the pumping behavior of CarO
by patch-clamp experiments. Our data show that CarO pumping activity is strongly augmented in
the presence of the plant hormone indole-3-acetic acid and in sodium acetate, in a dose-dependent
manner under slightly acidic conditions. By contrast, under these and other tested conditions,
the Neurospora rhodopsin (NR)-like rhodopsin OpsA did not exhibit any pump activity. Basic local
alignment search tool (BLAST) searches in the genomes of ascomycetes revealed the occurrence
of rhodopsin-encoding genes mainly in phyto-associated or phytopathogenic fungi, suggesting
a possible correlation of the presence of rhodopsins with fungal ecology. In accordance, rice plants
infected with a CarO-deficient F. fujikuroi strain showed more severe bakanae symptoms than the
reference strain, indicating a potential role of the CarO rhodopsin in the regulation of plant infection
by this fungus.

Keywords: fungal rhodopsins; CarO; OpsA; Fusarium fujikuroi; Oryza sativa; rice–plant infection;
green light perception; indole-3-acetic acid (IAA); bakanae; patch-clamp

1. Introduction

Fungi inhabit almost every ecological niche in all kind of ecosystems, where they have to face
sudden changes in their growth conditions. Their survival capacity relies on the successful adaption of
their physiology to diverse environmental scenarios, which requires efficient control of gene expression.
A remarkable example is found in the colonization of host organisms, that in fungi implies differential
regulation of many genes [1]. One of the most important physical parameters impacting on fungal
life is sunlight [2]. Fungi possess various photosensory proteins that allow them to perceive different
light wavelengths, and to adapt to changing light conditions [2,3]. While flavin-based proteins, such as
those of the white collar, photolyase, vivid, and cryptochrome families perceive blue light, red light is
sensed by phytochromes via biliverdin [4]. Many fungi are also equipped with membrane-embedded
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green light-sensing rhodopsins [5]. However, only a small number of these photoreceptors have been
biophysically or biologically characterized [6–9].

Fungal rhodopsins belong to the super family of G-protein coupled receptors, and accordingly,
consist of seven transmembrane helices (TMs). In ascomycetes, four clades of opsin-like proteins
are distinguished [10], that are grouped around either HSP30 (heat shock protein 30 [11]), ORP-1
(opsin related protein 1 [12]), NOP-1 (Neurospora opsin protein 1 [13]), or CarO (from Fusarium fujikuroi
CarO [14], also known as auxiliary ORP-like rhodopsins [15]). Only NOP-1-like and CarO-like
opsins are microbial rhodopsins that exhibit the lysine residue required for covalent binding of the
chromophore all-trans-retinal. In the rhodopsin protein, the retinal is located in an interior pocket
surrounded by the TMs. Retinal isomerization from all-trans to 13-cis initiates a series of consecutive
conformational alterations (photointermediates), which are correlated with protein function, known as
photocycle. The NOP-1-related opsin clade can be subdivided into Leptosphaeria rhodopsin (LR)-like [9]
and Neurospora rhodopsin (NR)-like [13] rhodopsins, due to their characteristic protein function [15].
NR-like fungal rhodopsins most likely provide sensory functions, and their photocycle is very
slow [13,16]. By contrast, LR-like and CarO-like rhodopsins exhibit fast photocycles [8,14], and provide
proton pumping activity [8,9,16]. A characteristic of CarO-like rhodopsins is the occurrence of
a presumptive interaction site for a so far unknown transducer protein [7].

We investigate the rhodopsins of the fungus F. fujikuroi, an ascomycete that provokes bakanae
disease in rice (Oryza sativa) plants [17]. The disease is accompanied by an increase in stem elongation,
which is provoked by the plant hormone gibberellic acid (GA) produced by the fungus [18,19].
The infected plants become chlorotic (paler green tissues) and exhibit less leaves and internodes.
In severe cases, even growth stagnation (stunted growth) can be observed [20], an effect provoked by
the action of a cytotoxic secondary metabolite, fusaric acid, produced by the fungus [21,22]. F. fujikuroi
possesses two genes coding for rhodopsins, carO and opsA [14,23]. The carO gene is linked to and
co-regulated with genes coding for enzymes for retinal synthesis, whose expression is strongly induced
by light, and the CarO protein is an effective proton pump highly expressed in light-exposed conidia,
where it slows down their germination [8,24]. On the other hand, the opsA gene is only moderately
upregulated by light, and the function of the OpsA rhodopsin is not known.

The prevalence of fungal rhodopsins in the genomes of phytopathogenic or phyto-associated
fungi suggests a potential role in the host–fungus interaction [8]. Supporting this assumption, a recent
analysis of the microbiome in the leaf environment of different plants revealed high abundance of
rhodopsins in the phyllosphere [25]. Furthermore, the LR-like rhodopsin Sop1 from the fungus
Sclerotinia sclerotiorum plays an essential role in the virulence of the fungus. Also, the two rhodopsins
of the ascomycete Alternaria brassicola (gb|AB08921 and gb|AB06529) are upregulated in the plant host
environment [26]. Similarly, the rhodopsin ops3 (gb| Um04125) of the basidiomycete Ustilago maydis is
upregulated during the infection process in corn plants [27]. In general, pH plays an important role on
fungal virulence during the plant infection [28,29], which could be related with the involvement of
proton pumping rhodopsins in fungal pathogenicity.

In the present study, we aim to improve our understanding of the biological role of the
rhodopsins in F. fujikuroi. We expressed either CarO::YFP or OpsA::YFP in HEK293 cells, performed
electrophysiology experiments, and observed that the presence of the auxin indole-3-acetic acid (IAA)
and acetate increases the CarO pumping activity up to 10-fold, whereas OpsA did not show any net
charge transfer under the tested conditions. We conducted a basic local alignment search tool (BLAST)
search for the occurrence of fungal rhodopsins in 108 Ascomycota genomes, and observed that the
majority of rhodopsin genes are found in phytopathogenic and phyto-associated fungi. Furthermore,
we tested the ability of conidia from mutant F. fujikuroi strains to infect rice plants, and observed more
severe bakanae symptoms in plants infected by null CarO mutants, compared to those infected by the
reference strain, as indicated by their increased internodal length and reduced chlorophyll content.
Based on RT-PCR experiments, we found no indication for any co-regulation of CarO and G proteins.
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Taken together, our data provide evidence on the participation of fungal rhodopsins in fungi-plant
interactions and phytopathogenesis.

2. Results

2.1. CarO Pumping Activity Is Enhanced by Indole-3-Acetic Acid (IAA) and Acetate Whereas OpsA Does Not
Exhibit Pumping Activity

During its pathogenic growth in the plant apoplast, F. fujikuroi faces different organic compounds,
including weak organic acids (WOAs), and plant hormones like auxin [30]. Recently, we found that at
low pH, the proton pump activity of CarO increased in gluconate solution [8]. Further investigation
revealed that this supporting effect was mainly provoked by low concentrations of acetate ions
used as counter ion for Mg2+ and Ca2+ in the gluconate solution, rather than by gluconate
itself. As the pumping signal of CarO expressed in yeast cells was very low (Supplementary
Figure S1), to further investigate this WOA effect, CarO::YFP and OpsA::YFP were expressed in
HEK293 human cells (Figure 1a,b), and investigated with patch-clamp technique in a whole cell
configuration. The rhodopsins were activated by illumination with green laser light (532 nm;
2–3 × 1017 photons s−1 mm−1). Under our experimental conditions, chloride channels are activated
in HEK293 cells, interfering with the small pump signal [31]. Therefore, for a better signal-to-noise
ratio, the WOA effect was measured in sodium gluconate-based (chloride-free) extracellular solution.
Nevertheless, similar results were obtained in a NaCl-based solution.

Upon illumination under standard conditions (NaCl pH 7.4 bath solution) CarO exhibited the
expected outward-directed signal [8], with a transient response that relaxed in the dark to the stationary
level with a decay in a bi-exponential manner (Figure 1c). By contrast, in the presence of sodium
acetate or the plant hormone IAA the activity of the proton pump CarO was substantially increased,
and the ratio between peak and stationary current was clearly reduced (Figure 1c).

In the case of OpsA, no electrogenicity was found under all tested conditions, including those
providing high pumping activity in CarO (Figure 1d), as expected from the assignation of OpsA to the
group of NR-like rhodopsins [15]. This was further supported by sequence comparisons that revealed
that OpsA is phylogenetically closer to NOP-1 than to CarO [23]. Like NOP-1 [32], these proteins are
supposed to be non-pumping rhodopsins. Accordingly, NOP-1 was shown to exhibit a very slow
photocycle, and did not provoke currents when expressed in neurons [16].

We further investigated the effect of WOA on the pump activity of CarO. When gluconate was
gradually replaced by acetate, an increased pump activity of CarO was observed along the whole
range of voltages, from −120 mV to +40 mV (Figure 2a). At the same time, the characteristic voltage
dependency with higher activity at positive membrane potentials remained unaffected. A notable
increase of pump activity became already observable in the two-digit micromolar range. Similar results
were also obtained when gluconate was gradually replaced by IAA (Supplementary Figure S2).
For better visualization, we plotted the dependence of pump activity at 0 mV membrane potential
on the WOA concentration, and fit it with a Hill function (Figure 2b). The increase by IAA was in
a similar range as by acetate, but it could not be analyzed in the full range of concentrations, due to
its low solubility in water (Figure 2b). When acetate-activated CarO was faced with pH 9, a transient
increment of the pump activity was observed, similar to the one recently reported in a gluconate
solution ([8]; Supplementary Figure S3). The activity increased to a maximal 3.3-fold compared to
that at 0.7 mM sodium acetate pH 5, and decreased within a few minutes to activities lower than
those in NaCl pH 7.4. In bacteriorhodopsin, the pump activity did not increase in presence of WOAs,
suggesting that this effect is specific for the CarO protein (Supplementary Figure S4).

In halorhodopsin and bacteriorhodopsin, the protonation of the Schiff base counter ion leads
to a shift of the absorption spectrum [33,34]. In order to figure out if the presence of acetate or IAA
might affect the protonation state, we recorded the action spectrum of CarO in sodium chloride pH
7.4, sodium gluconate pH 5, sodium gluconate supplemented with 1 mM IAA, or sodium gluconate
supplemented with 10 mM sodium acetate. For all conditions, maximal pump activity was observed
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at 532 nm, and all data were in a similar range, suggesting unchanged protonation state of the counter
ion of the Schiff base (Figure 2c).

 

Figure 1. Microscopic and patch-clamp analysis of the fungal rhodopsins CarO and OpsA expressed
in HEK293 cells. (a,b) Representative confocal laser scanning micrographs showing the localization
of the fungal rhodopsins in the cells. Both rhodopsins are partly trafficked to the plasma membrane
(indicated by white arrows), and thus, accessible to the patch-clamp pipette. Scale bars represent 5 μm.
(c,d) Typical traces of either CarO (c) or OpsA (d) recorded in whole cell mode at 0 mV holding potential
at intracellular pH 7.4 and diverse extracellular conditions, as indicated. Cells were illuminated with
green light (532 nm DPSS laser), as illustrated by the green bar. The pump activity of CarO is clearly
augmented by indole-3-acetic acid (IAA) and sodium acetate (NaAc) at pH 5, whereas for OpsA no
electrogenic activity was detected under any of the tested conditions, suggesting a protein function
unrelated with ion pumping.

2.2. Fungal Rhodopsins Are Predominant in Phyto-associated Fungi

In our previous study, we found that rhodopsin genes are recurrent in the genomes of
phytopathogenic fungi [8]. In order to find out if the presence of rhodopsins is more related to
the phylogeny of the respective species than to its ecology, we analyzed the occurrence of rhodopsins
in different fungal species by BLAST searches of their genome sequences (Supplementary Table S1).
For this investigation, we focused our attention on the set of species used in a recent evolutionary
analysis of fungal effector proteins [35], with some additions, arranged according to a former 6-gene
maximum-likelihood phylogeny of Ascomycota [36]. Our phylogenetic analysis (Figure 3a) revealed
that these photoreceptors are not present in all taxa. Out of 108 analyzed species from 42 orders,
rhodopsins were only found in 38 fungal genomes. Interestingly, 74% of the species containing
rhodopsins are either phytopathogens or phyto-associated (28 species). In accordance, rhodopsins
were found in 9 out of 13 orders that include mainly phytopathogenic or phyto-associated fungi,
while only in 1 out of 15 orders that include mainly wood inhabiting or saprophytic fungi.
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Figure 2. Patch-clamp analysis of the influence of sodium acetate and IAA in the pump activity of
CarO. (a) Current–voltage relationship of the CarO pump activity, as indicated in sodium chloride pH
7.4, sodium gluconate pH 5, various concentration of sodium acetate in sodium gluconate pH 5, or only
sodium acetate pH 5. Mean ± SEM of at least 5 cells are given. For better visualization, data were
described by a cubic fit. (b) Dose–response relationship of CarO pump activity and IAA and sodium
acetate dissolved in a bath solution of sodium gluconate pH 5. Data were described using a standard
Hill equation. (c) Action spectrum of CarO as indicated in either NaCl pH 5, sodium gluconate (NaGlu)
pH 5, sodium gluconate pH 5 + 10 mM sodium acetate, or sodium gluconate pH 5 + 1 mM IAA.
For better visualization, the data points of NaCl pH 5 were fit using a polynomial fit. Note, that the
spectrum is not influenced by the presence of the weak organic acids tested.
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Figure 3. Phylogenetic analysis of ascomycetes and fungal rhodopsins. (a) Phylogenetic tree of the
phylum Ascomycota. For each order, the typical ecological niche is indicated by the font color (green:
phyto-associated or phytopathogenic fungi; blue: other pathogens; orange: saprobionts or wood
inhabiting fungi; pale green: lichenized fungi; grey: yeasts). Orders that possess rhodopsins are printed
in bold font, and the classification of the fungal rhodopsin is given in brackets. Three different classes of
fungal rhodopsins are distinguished, NR-like (from N. crassa), LR-like (from L. nodorum, proton pumps),
and CarO-like (auxiliary ORP-like rhodopsin, proton pumps with a putative capacity to interact
with other proteins). NR-like and LR-like rhodopsins are merged in the clade of NOP-1 like opsins.
Many phytopathogenic and phyto-associated fungi possess genes coding for rhodopsins, while most
saprophytic fungi do not, indicating a potential role for these green light-sensing photoreceptors in
fungus–plant interaction. A complete list with gene accession numbers is given in Supplementary
Table S1. (b) Phylogenetic tree of fungal rhodopsins from selected species from Hypocreales (HYP),
Helotiales (HEL), Pleosporales (PLE), Verrucariales (VER), Dothideales (DOT), and Sordariales
(SOR), as indicated after the species name. Data in brackets represent gene database accession
numbers. The tree that was rooted to the microbial halorhodopsin (HR) from Natronomonas pharaonis,
and bacteriorhodopsin (BR) from Halobacterium salinarum, shows the phylogenetic relationships of
fungal rhodopsins, including OpsA and CarO from F. fujikuroi. Branch support values are given in red,
and branch lengths are as indicated by the bar. A complete tree is given in Supplementary Figure S4).
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As indicated above, the rhodopsins have been classified in three types, NR-like rhodopsins,
with slow photocycle and presumable photosensory functions, and CarO-like and LR-like rhodopsins,
with fast photocycles and proton pumping activities [15]. Though functionally distinct, LR-like
and NR-like rhodopsins are clearly distinguished from the CarO-like rhodopsins, phylogenetically
very closely related, and merge in one clade that was recently denoted as NOP1-like opsins [10].
We compared the amino acid sequences of the rhodopsins from the 38 fungi through different
bioinformatic tools (see Experimental Procedures), and we used the generated data to construct
a phylogenetic tree (Figure 3b, Supplementary Figure S4). The distribution of the rhodopsins in the
tree supports the above-mentioned classification. Strikingly, no fungus was found to possess all three
types of rhodopsins. By contrast, some fungi possess several copies or variations of the same type of
rhodopsins. For example, the plant pathogen Fusarium oxysporum (Hypocreales), exhibits two different
NR-like rhodopsins, while the human-pathogenic fungus Coniosporium epidermidis (Chaetothyriales)
possesses two different CarO-like rhodopsins.

2.3. Bakanae Symptoms of Rice Plants Are Affected by the Null CarO Mutation in the Infective Fungus

Among the investigated species, CarO-like rhodopsins are spread in different taxonomic
groups, but they are only present in phytopathogenic, human pathogenic, or rock-inhabiting species.
However, rhodopsins are not found in all phytopathogenic fungi, e.g., they are absent in the
rice pathogen Magnaporthe grisea. NR-like rhodopsins seem to be unique of the Sordariomycetes,
while the combination of CarO-like and LR-like rhodopsins are mainly found in Eurotiomycetes,
Dothideomycetes, and Helotiales. In the Sordariomycetes, only the Hypocreales and Glomerellales,
both encompassing phytopathogenic fungi, exhibit CarO-like rhodopsins (Figure 3a, Supplementary
Table S1). Overall, the presence of rhodopsins in mainly phyto-associated orders, independently of
their phylogeny, suggests a positive selection for rhodopsins in plant environments.

As rhodopsins are abundant in phyto-associated fungi, we aimed to find out if F. fujikuroi
strains that are deficient in either OpsA [23] or CarO [14] would exhibit a distinct phenotype when
infecting rice plants. In this experiment, previously established fungal strains were used, namely wild
type (FKMC1995 Fusarium fujikuroi (G. fujikuroi mating population C)); ΔopsA (mutant FKMC1995
strain with deleted rhodopsin gene opsA [23]), CarO− (mutant FKMC1995 strain with disrupted
rhodopsin gene carO (shift in open reading) [14]), and CarO+ (isogenic reference of the CarO−

strain with intact rhodopsin gene carO). To analyze bakanae symptoms, we infected two-day old
rice germlings (cultivar Sendra) with fresh conidia (50 conidia/rice seed) of the respective F. fujikuroi
strain or water (control) under green light and grew the developing rice plants in vermiculite pots in
light–dark cycles at 28 ◦C. All plants that were infected with fungi exhibited clear bakanae symptoms
(Figure 4). Nevertheless, for each fungal strain, we noticed high variability in the morphology of
the plant replicates. Thus, statistical analysis was required, and the symptoms of bakanae were
assessed by differences of internodal length and changes in the plant chlorophyll content (Figure 5).
While internodes of uninfected control plants exhibited after 10 days a mean length of 4.74 cm
(SEM 0.15, n = 42), all infected plants exhibited longer internodes (CarO+ 5.38 cm, SEM 0.16, n = 58;
CarO− 6.08 cm, SEM 0.21, n = 57, Figure 5a; WT 5.53 cm, SEM 0.15, n = 56; ΔOpsA 5.81 cm, SEM 0.18,
n = 56, Figure 5c). The CarO-deficient mutant produced a significant (p < 0.05; two tailed student t-test)
increase in the internodal length of the rice plant (Figure 5a), compared to its reference strain CarO+,
and the wild type, thus showing more severe symptoms of the disease. Also, the plants infected by the
CarO-deficient mutant exhibited a paler pigmentation, and their content of chlorophylls/carotenoids
was significantly reduced in comparison to control plants, or to those infected with the CarO+ reference
(Figure 5b). Moreover, colonization of the rice seeds by fungal mycelium was faster with conidia of
the CarO-deficient strain than with those of the CarO+ control (data not shown). By contrast, we did
not detect any significant difference between the chlorophylls /carotenoids content of plants infected
with wild type conidia, and that of plants infected with ΔopsA conidia, though both samples showed
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lowered content of these pigments when compared to non-infected plants. These data suggest that
OpsA does not influence the bakanae symptoms (Figure 5c,d).

 

Figure 4. Rice plant infection with rhodopsin-deficient F. fujikuroi strains. Analysis of potential effects
of the rhodopsins OpsA and CarO on the virulence of F. fujikuroi in rice plants (cultivar Sendra).
Representative images of 13-day-old rice plants 10 days after infection with conidia from F. fujikuroi,
strains or water (non-infected control), as indicated, are shown. Note that the plant shape varies even
under the same conditions between the individuals. Therefore, to quantify the bakanae symptoms, the
length of the first internode and the chlorophyll/carotenoid content were chosen to estimate disease
severity (see Figure 5). White bars represent 5 cm.

Addition of gibberellin GA3 to the nutrient solution results in an elongation of the rice plants (data
not shown). As the infection with the CarO− strain induces stem elongation, we aimed to find out if
gibberellic acid (GA) synthesis was enhanced in the absence of CarO. However, the carO− mutation did
not affect the gibberellin production under laboratory conditions (Supplementary Figure S5). Similarly,
OpsA does not affect gibberellin production [23]. These data suggest that the observed differences
in bakanae symptoms might be due to the differential capacity of both strains to grow in the plant.
In support to this conclusion, a higher number of mycelial colonies were able to grow from stems of
infected rice plants when the infection was achieved with the CarO deficient mutant than with the
CarO+ control strain (Supplementary Figure S6).

2.4. Light Exerts Minor Influence on mRNA Levels for Genes of G Proteins

The finding of a presumptive interaction site for a putative transducer protein in the CarO-like
protein of Phaeosphaeria nodorum [7] suggests that CarO might interact with a regulatory partner.
Because of the participation of heterotrimeric G complexes in signal transduction from different
animal opsins, we postulate that CarO might interact with a specific Gα protein. Considering that
CarO expression is strongly light dependent, we might expect some level of co-regulation with its
putative transducing partner. To check this hypothesis, the genome of F. fujikuroi was screened for the
presence of genes for putative G proteins, based on a previous scrutiny carried out in Gibberella zeae
(Fusarium graminearum) [37]. We found in F. fujikuroi five genes for putative Gα subunits (FUJ_06643,
443 aa; FFUJ_04487, 355 aa; FFUJ_07379, 354 aa; FFUJ_08667, 353 aa; FFUJ_05248, 636 aa), and single
genes for a Gβ subunit (FUJ_09550, 359 aa) and a Gγ subunit (FFUJ_03226, 93 aa). A phylogram of the
Gα and Gβ sequences confirmed that the five α subunits are more closely related to each other than to
the β subunit (Figure 6b).
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Figure 5. Influence of fungal infection on internodal length and chlorophyll content. (a,c) Mean length
and standard error (data pooled from four independent experiments with 15 or 12 seedlings each for
infected and control plants, respectively) of the first internode of rice plants. (a) Rice plants were either
not infected (black, n = 42) or infected with the CarO+ (red, n = 58), the CarO− (blue, n = 57) or wild
type (gray, n = 56) strains. (c) Rice plants were either not infected (black, n = 42) or infected with wild
type (red, n = 56) or the opsA deletion mutant (blue, n = 56) strains. (b,d) Chlorophyll and carotenoid
extraction from rice plants 8 days after infection. Data are mean values and SEM of at least 12 trials out
of 3 independent test series. (b) Rice plants were either not infected (black, n = 12) or infected with
CarO+ (red, n = 15) or CarO− (blue, n = 14) conidia. (d) Rice plants were either not infected (black,
n = 12) or infected with wild type (red, n = 14) or opsA deletion (blue, n = 15) conidia. Differences
in internodal length and chlorophyll/carotenoid content were tested for significance in a two-tailed
student t-test. Significant distinctions are highlighted by an asterisk.

To check a possible co-regulation with carO, we investigated the effect of illumination on the
transcript levels of the seven genes for G proteins in comparison to those of the gene carO and
the structural genes of the carotenoid pathway carRA and carB, linked to carO in a co-regulated
cluster [38]. As expected, the mRNA levels for these genes increased rapidly following light onset to
reach 200–300-fold in the case of carRA and carB, and more than 1000-fold in the case of carO (Figure 6a).
By contrast, the genes for G proteins were very moderately affected by light, with maximal variations
of only 3-fold (Figure 6a–d). Such changes are very small compared to the strong photoinduction
exhibited by carO, suggesting lack of regulatory connections.

Recently the gene expression profile of F. fujikuroi strain FKMC1995 in vitro and in planta was
published [39]. We compared the expression levels of the above-mentioned proteins at 6 mM glutamine
(22.7 mM in our experiments), with the in planta conditions (Supplementary Table S2). In accordance
with the RT-PCR data we found the level of G proteins to be almost unchanged (ratios between 0.7 and
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1.4), while carO (3.3) and carB (2.7) were upregulated in the plant environment. In contrast, carRA was
almost unchanged (1.1) and carX (0.3) even downregulated in planta.

 

Figure 6. Effect of illumination on transcript levels for the genes carRA, carB, and carO and the seven
genes for G proteins in the F. fujikuroi genome. (a,c,d) Real-time RT-PCR analyses of the indicated genes
in total RNA samples from the wild type FKMC1995. The cultures were grown for three days in the
dark before illumination for 30 min, 1 h, or 4 h. Relative levels are referred to the value of the wild
type in the dark. Data show means and standard errors of the mean from three biological replicates.
The data are represented in different graphs to avoid overlapping. (b) Phylogram of the sequences
of the five Gα proteins (FUJ_06643, 04487, 07379, 08667 and 05248). The Gβ protein (FUJ_09550) was
used as outgroup. The Gγ protein (FUJ_09550) was not included in the phylogram because of its
small size (93 residues). The scale indicates the proportion of changes. Numbers in nodes indicate
bootstrap values.

3. Discussion

Despite the efforts dedicated to the detailed characterization of several fungal rhodopsins [7–9,13,14,40],
the biological role and impact of these proteins in filamentous fungi is still elusive. In previous
investigations, the phenotypic differences of the rhodopsin-deficient mutants compared to the wild
type were absent or hardly detectable [13,14,23,40]. Strikingly, in our recent study, CarO was found
to slow down the germination of F. fujikuroi conidia in light [8]—the first phenotype associated with
a fungal rhodopsin. A recent, detailed analysis of NOP-1 from N. crassa now revealed a clear phenotype
of the fungal rhodopsin in the regulation of the sexual–asexual switch [10]. However, the analyses
were performed using cultures grown in defined nutrient media under standard laboratory conditions,
in the absence of a host plant.

To our knowledge, there is yet only one investigation dealing with the phenotype of
rhodopsin-deficient mutants of phytopathogenic fungi in their host plant environment [41]. In this
investigation, the LR-like rhodopsin Sop1 was shown to be essential for growth, sclerotial development,
and full virulence of S. sclerotiorum. In accordance, our BLAST search for rhodopsins in a hundred
sequenced fungal genomes (Figure 3; Supplementary Figure S5 and Supplementary Table S1)
reveals that the majority of genes coding for fungal rhodopsins are found in phyto-associated or
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phytopathogenic fungi (fungi colonizing living plant tissue), whereas only a small percentage of
saprotrophic fungi (fungi decaying organic matter) exhibit such genes in their genomes. The number
of phyto-associated fungi might be even bigger, as the ecology of many fungi is not well investigated,
and might conceal some surprises, as happened recently with the discovery of an unknown
phyto-associated lifestyle of N. crassa [42].

To figure out a potential role of NR-like and CarO-like rhodopsins in colonization of plants,
we tested the ability of rhodopsin-deficient F. fujikuroi strains to colonize rice plants and to provoke the
characteristic symptoms of the bakanae disease [17,20,21]. Recent RNA-seq data have shown that both
rhodopsins are expressed in the plant environment [39] (Supplementary Table S2). According to this
study, transcription of carO is only slightly (ratio 3.2), and opsA highly (ratio 28.6) upregulated in plants.
In our experimental analysis, the extension of the plant shoot, measured as the length of first internode,
and the content of chlorophyll and carotenoids, were chosen as indicators for infection severity. Indeed,
our data show, for the first time, that a fungal rhodopsin of a phytopathogenic fungus affects the
severity of rice plant infection (Figures 4 and 5). When investigating the role of CarO and OpsA
in the development of bakanae symptoms, the shoots between seed and first node are significantly
enlarged in all infected plants, compared to uninfected control plants. Unexpectedly, the elongation
of the shoot was significantly enhanced in plants infected with CarO− strain, in comparison to those
infected with the CarO+ or wild type strain. Moreover, the chlorophyll content in the CarO− strain
infected plants was lower than in those infected with the CarO+ strain, suggesting a more aggressive
phytopathogenic phenotype in absence of the CarO rhodopsin. Similar symptoms could also be
induced by treatment of plants with GA [20] and GA-producing Fusarium species are more efficient
rice pathogens than those unable to produce GAs [43]. Moreover, comparison of pathogenic capacities
of wild type F. fujikuroi and a GA-defective mutant on rice revealed an impaired ability of the mutant
hyphae to penetrate the plant cells [44]. In our case, the amount of GAs produced in shake cultures of
the CarO-deficient strain was similar to those produced by the control CarO+ strain (Supplementary
Figure S6). We cannot exclude that the GA-production of F. fujikuroi in the plant environment differs,
and might be influenced by CarO, a task to be investigated in the future. However, based on our data,
the longer internodes in the CarO−-infected plants should be interpreted as a result of a higher amount
of fungal biomass compared to those infected with the CarO+ control strain. Accordingly, the CarO
deficient strain was found to be more effective in colonizing the plants (Supplementary Figure S7).
Thus, one might conclude that the increased severity of bakanae symptoms in absence of CarO is
caused by an increased virulence.

Fungal virulence is directly related to the speed of germination [45]. The faster the fungus invades
the host tissue, the lower the risk for the conidia to be displaced or outcompeted by other fungi [46].
In this respect, it must be noted that under laboratory conditions, the conidia of the CarO− mutant
germinated earlier and faster than those of the CarO+ strain [24], whereas in later developmental
stages, both strains exhibit a similar colony growth, i.e., mycelial development [8]. Therefore, the faster
germination may not be sufficient to explain the observed increase in virulence. Recent findings about
the role of rhodopsins suggest negative regulatory role under light, like CarO in conidia germination
and NOP-1 in protoperithecial production in the sexual cycle [8,10]. It can be speculated that rhodopsin
activity might also negatively regulate the virulence of F. fujikuroi. The molecular mechanisms
underlying the observed effects will require further investigation. Also, the potential importance of
carotenoid production for rhodopsin function has to be taken into account. In F. fujikuroi, the carO
gene is located and co-regulated in a cluster with genes coding for enzymes involved in carotenoid
synthesis, namely carX, carRA, and carB. Interestingly, in 8 fungi out of the 11 fungal species shown
in Figure 3b, the carO counterpart was clustered with orthologs for these car genes (Supplementary
Table S3). Recent RNA-seq data show that carB is upregulated, carRA almost unchanged, and carX
downregulated during plant colonization. Thus, F. fujikuroi with deleted car genes should be considered
in future pathogenesis studies in rice plants.
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To date, the role of light in phytopathogenesis by fungi has received very limited attention.
Nevertheless, some investigations have revealed connections between fungal light perception and
pathogenicity. In Magnaporthe oryzae, pre-illumination of conidia for one hour did not affect spore
germination, but stimulated their chemically assayed superoxide production, resulting in spores more
tolerant to toxic diffusate of rice leaf compared to those that were non-illuminated [47]. In the grey
mold Botrytis cinerea, the proteins of the white collar photoreceptor complex are required for coping
with excessive light or oxidative stress, and also to achieve full virulence [48], and in Colletotrichum
acutatum, the light quality influences the virulence of the fungus [49]. Remarkably, the fungus Diplodia
mutila leaves its endophytic niche to become a pathogen in response to high–intense light. This is most
likely triggered by light-induced production of H2O2 by the fungus, which results in hypersensitivity,
cell death, and tissue necrosis in the infected palm [50]. In this respect, it is of interest that the CarO
protein of the closely related fungus F. graminearum was recently shown to be highly upregulated after
initiation of the sexual cycle [10]. Besides that, recent investigations in N. crassa and S. sclerotiorum
suggest a role of rhodopsins in oxidative and osmotic stress [10,41].

Another environmental factor that plays a critical role during infection processes in
phytopathogenic fungi is pH [29]. Because of its effective proton pumping activity, CarO may
contribute to local pH changes in infected tissues. Fungi, in general, use proton gradients for the
signaling and transport of substances through membranes [51]. A green light-driven proton pump
could thus play a role as an energy saving mechanism. In accordance, our microscopic data show that
the CarO protein is expressed in light-exposed hyphae [8]. The carO gene is actively induced by light
in older mycelia (four day old submerged cultures [14]), and although the physiological conditions
in the plant may be very different than under ex planta laboratory conditions, the data suggest that
the gene is also induced by light in the plant, a fact that could be favored by the higher efficiency
of the rhodopsin under green light. By contrast, the OpsA− mutant did not exhibit altered bakanae
symptoms in comparison to the wild type (Figure 5c,d). OpsA is a NR-like rhodopsin, only present
in the Sordariamycetes, and similar to NOP-1 of N. crassa, a rhodopsin with no electrogenicity [16]
and with a putative sensory function. In accordance, we could not observe any pumping activity of
OpsA, though we tested it under several experimental conditions (Figure 1d). Nevertheless, we cannot
exclude that OpsA might behave differently in its native environment, and the localization and
biological role of OpsA will be matter of future investigations.

The strong increment in pump activity of the outward-directed proton pump CarO, in response
to the plant hormone IAA and to acetate at moderate acid pH (Figure 2a–c), is of high interest, because
of the predictable implications in the fungus–plant interaction. In principle, under such conditions,
we would expect a reduction of pump activity due to the increased proton gradient. A number of
different ion species, such as sodium, chloride, or imidazole, are known to be pumped or guided by
microbial rhodopsins [52]. Therefore, we may speculate that the ion species transported by CarO might
be not restricted to protons. Acetate is a small anion, and thus, theoretically it could be considered
as a potentially pumped species. This argumentation is refuted by our comparative experiments
with IAA, which is too big to pass through the ca 0.6 nm pore of a microbial rhodopsin [53,54],
and shows similar results as with acetate (Figure 2b). IAA and acetate are capable of diffusing in the
undissociated form through the membrane with permeability coefficients of 6.9 × 10−3 cm s−1 [55]
and 2.3 × 10−4 cm s−1 [56], respectively. Intracellularly, the compounds can dissociate, as indicated by
the capacity of acetate to symmetrically acidify the cytosol in frog oocytes [57,58]. Suchlike perfusion
through the membranes is the method by which IAA is distributed in the growing plant. However,
in our patch-clamp experiments, the cytosolic conditions are well defined, as the cytosol is rapidly
replaced by the pipette solution [59]. We therefore assume that the increase of pumping activity is not
due to a potential uncoupling mechanism of acetate or IAA. Instead, it is more likely that the acetate
group interacts with the free hydrogen in the pump pore, and consequently enables faster release of
protons, and therefore, speeds up the pumping activity. A similar behavior was formerly described for
other microbial rhodopsins [60], but we could not observe a comparable response of bacteriorhodopsin
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to acetate or IAA at pH 5 (Supplementary Figure S4). However, we found a supporting effect of WOAs
for other fungal rhodopsins (unpublished data), indicating that this effect is of biological relevance
in fungal rhodopsins. This could especially be the case in the plant environment, where IAA and
acetate and other WOAs are present in the plant sap [30]. IAA was recently shown to be produced by
Fusarium species [61], and to play a role in the bakanae symptoms evoked in rice plants by Fusarium
proliferatum [62].

It has to be taken into account that our electrophysiological investigation was performed in
rhodopsins expressed in mammalian cells. Though this is a common procedure for characterization
of microbial rhodopsins, it must be taken into account that the protein might behave differently
in its native environment, e.g., due to the absence of potential interacting/transducing proteins.
We considered the possible participation of a G protein as a CarO regulatory partner, an interaction
solidly established in the case of the visual opsins in vertebrates, and some non-visual proteins in lower
animals [63,64]. However, the apparent lack of strong regulation by light of any of the G protein genes
of F. fujikuroi does not favor this hypothesis, but it cannot be discarded. More experiments are needed
to confirm if CarO-like rhodopsins only have proton-pumping activity, or whether they also have
a signal-transducing activity through the interaction with a G protein or with a membrane-embedded
regulatory protein.

The functions of rhodopsins in fungi are puzzling and fascinating biological issues. Our data
suggest that the two F. fujikuroi rhodopsins play very different roles, reflected by their distinct
biochemical properties and regulatory patterns. In the case of CarO, we could show for the first
time that a rhodopsin influences the behavior of a fungus during plant infection by reducing the
severity of disease symptoms. Although its mechanism of action and its participation in other cellular
processes remain to be elucidated, we may speculate that green light is interpreted by the fungus as
a signal to attenuate the strength of the pathogenic colonization of the plant. The ways in which the
photobiochemical activities of different fungal rhodopsins influence the physiology of these organisms,
and their ability to survive in their natural environment, will be the aim of further studies.

4. Materials and Methods

4.1. Fungal Strains and Culture Conditions

All fungal strains used in this study are derivatives of Fusarium fujikuroi FKMC1995. Phenotypic
analyses of CarO were performed with the strains SF100 (CarO−; transformant 4 R3) and SF101 (CarO+

control; transformant 4 R2), both derived from a former transformant with a carO+ carO− duplication
generated by homologous integration with a carO− plasmid [14]. SF100 contains a disrupted CarO
allele, whereas SF101 is a revertant strain from the same transformant exhibiting an intact CarO allele.
Phenotypic analysis of OpsA was done with strain SF223 (ΔopsA; [23]) that is lacking the OpsA gene,
and FKMC1995 wild type strain was used as control. Fluorescent strains WF2 (F. fujikuroi CarO::YFP [8])
was described before. Fungi were cultured in Dextrose-Gibberella (DG) minimal medium [65] where
NaNO3 was replaced by 3 g L−1 glutamine (DGgln), or in potato dextrose agar (PDA). Fungi were
grown in a Peltier-controlled incubator (Memmert IPP110) equipped with an appropriate light module.
In addition, a customized illumination module consisting of 10 green high-power LEDs (205 lm,
LUXEON Rebel LXML PM01, Lumileds; San Jose, CA, USA) controlled by a customized power supply
was used for green light illumination of fungal cultures. Dark-grown cultures were protected against
light by storing them in an opaque box inside the incubator.

4.2. Cell Cultures

Stable cell lines of Flp-In™ 293 T-REx (Invitrogen, Carlsbad, CA, USA) expressing either
CarO::YFP [8] or OpsA::YFP (this study; implemented according to manufactures manual) were
cultured at 37 ◦C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with fetal
calf serum (10%), L-glutamine (2 mM), penicillin (100 U mL−1), streptomycin (100 μg mL−1), and as
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selection, antibiotics hygromycin B (100 μg mL−1) and blasticidin HCl (15 μg mL−1). For experiments,
the cells were grown in a 6-well plate with 2 mL medium/well. Protein expression was induced by
tetracycline (3 μg mL−1) for 12–16 h. Cells were treated with all-trans-retinal (1 μM) to ensure sufficient
availability of chromophore for the tested rhodopsins.

4.3. Molecular Biology

For the construction of pcDNA5/FRT/TO-opsA::YFP, the cDNA of the opsA gene without stop
codon and fused to eyfp with a 21-bp linker was synthesized (Gene Art, Life Technologies, Waltham,
MA, USA) and delivered in the vector pMA-RQ. This 1.6 kb fragment was cut by XhoI and ligated to
the pcDNA5/FRT/TO-backbone cut with XhoI, resulting in pcDNA/FRT/TO-opsA::YFP.

4.4. Patch-Clamp

Patch-clamp experiments were performed as described by García-Martínez et al. [8] with
some modifications. For activation of the rhodopsins, a 532 nm DPSS laser (MGL-III-532,
150 mW, TTL 1 Hz–1 kHz; Changchun New Industries Optoelectronics, Changchun, China)
was coupled into the fluorescence beam path of an inverse microscope (Axiovert 200, Zeiss,
Jena, Germany). Pipettes (GB150F-8P, Scientific-Instruments, Hofheim, Germany) had a tip
opening diameter of 1.5 mm and exhibited a resistance of 3–5 MΩ in standard bath solution.
Whole cell currents were recorded with an Axopatch 200B amplifier coupled to a DigiData
1440 interface (Molecular Devices Corporation, Union City, NJ, USA), low-pass filtered at 5 kHz,
and digitized at a sampling rate of 100 kHz with the software Clampex 10.3 (Molecular Devices
Co.). Data analysis was performed using Clampfit 10.6 (Molecular Devices Co.) and Origin Pro
9.1G or 2016G (OriginLab Corporation, Northampton, MA, USA). The experiments were performed
in a customized perfusion chamber offering convenient slow solution exchange with a flow rate
of ca 2 mL min−1. Standard bath solution contained 140 mM NaCl, 2 mM MgCl2, 2 mM CaCl2,
and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4. For pH screening,
2-(N-morpholino)ethanesulfonic acid (TRIS) or 2-(N-morpholino)ethanesulfonic acid (MES) was used
instead of HEPES, and the pH of the bath solution was adjusted to 5 or 9 with HCl or NaOH.
The influence of WOAs on the rhodopsins was analyzed in solution buffered with either 10 mM
HEPES, TRIS, or MES. The gluconate solution contained 140 mM sodium gluconate, 2 mM magnesium
gluconate, and 2 mM CaOH, the respective pH was adjusted with either gluconic acid or NaOH.
The acetate solution consisted of 140 mM sodium acetate, 2 mM magnesium acetate, and 2 mM
calcium acetate, and the respective pH was adjusted with either acetic acid or NaOH. Acetate solution
was mixed with either standard bath solution or gluconate solution to yield the final concentration.
IAA was dissolved in ethanol to a final concentration of 250 mM, and added directly to the respective
physiological solution.

4.5. Fluorescence Microscopy

Conidia of F. fujikuroi were inoculated in DGgln-medium in 8-well Labtek II chambers which were
treated 1 h with 0.5 M NaOH and coated with 0.01% poly-D-lysine (125 μL per well) for at least 2 h
at RT. Conidia were fixed directly or germinated at 28 ◦C in presence of light (6 W m−2) for 15–18 h.
Samples were fixed for 10 min in 1% formaldehyde in phosphate buffered saline (PBS, pH 7.4) and
stored in PBS at 4 ◦C. Fluorescence microscopy was performed at a confocal laser scanning microscope
(SP700, Zeiss, Jena, Germany). Images were processed with ZEN software (ZEN 2012, Zeiss, Jena,
Germany) or Fiji [66] with ImageJ 1.50f [67].

4.6. Rice Plant Infection Assays

Rice seeds belong to the Japonica variety J. Sendra, used in different rice fields in Spain [68],
kindly provided by the Federación de Arroceros de Sevilla (Isla Mayor, Sevilla, Spain). Rice seeds
were sterilized in a desiccator for 15 h with chlorine gas (33 mL 25% sodium hypochlorite mixed with

177



Int. J. Mol. Sci. 2018, 19, 215

2.6 mL 25% HCl) immediately before their use. Sterilized seeds were transferred to 96-well plates,
and germinated in 350 μL/well 0.1× yeast peptone dextrose (YPD) medium for 48 h at 28 ◦C in 12/12
light–dark cycle (12 h light: 1 h 3 W m−2, 3 h 6 W m−2, 4 h 10 W m−2, 3 h 6 W m−2, 1 h 3 W m−2)
and additionally illuminated with green light (see section about fungal strains and culture conditions).
Only seedlings that had developed shoots/roots of 1–2 mm length were chosen for further experiments.
Seedlings were washed with 1 mL H2O, transferred into 24-well plates on sterilized filter paper,
and exposed to 500 μL H2O supplemented with 50 conidia freshly harvested from light-exposed
cultures of the respective strain. Control plants were exposed only to H2O. Infection of the seeds
occurred within 24 h under continuous green light (2 × 10−15 photons s−1 mm−2) and 12/12 light–dark
cycles with white light (3 × 10−15 photons s−1 mm−2). The green light was used to guarantee full
activity of the rhodopsin during the infection process. Infected rice seedlings were transferred to
pots filled with vermiculite (2–3 mm) and 35 mL H2O. Four independent assays were performed
with 15 and 12 seedlings/assay for infected (CarO+, CarO−, ΔOpsA, wild type) and control plants,
respectively. To ensure sufficient nutrition of the rice plants, 20 mL 0.5 × modified Rigaud–Puppo
(RP) medium [69] were added; RP medium composition (g L−1): KNO3 0.5, KH2PO4 0.2, K2SO4 0.2,
MgSO4·7H2O 0.2, CaCl2·2H2O 0.1, and 1 mL/L DG microelement solution [65]. Plants were grown at
28 ◦C in 12/12 light–dark cycles with additional green light. Three days after embedment, plants were
fed with 20 mL 0.5× modified RP medium, and 4 days later with 35 mL H2O. Plant growth was
documented at days 3–7 and 10 after infection by photography. Plant length and internodal distances
were determined with the image analysis software ImageJ, version 1.50f [67], and data from 4 assays
were pooled for further analysis.

4.7. Determination of Chlorophyll and Carotenoid Plant Content

After the experiment, the overall chlorophyll content and the dry weight of the plants were
determined. Plants were cut directly at the seed and freeze-dried for 1 day before their dry masses
were determined. Plants were pulverized in a mortar and extracted in 80% acetone overnight. The plant
debris was removed by centrifugation (1200× g, 5 min, 4 ◦C). The optical density was measured at
663.2 nm and 646.8 nm for chlorophylls, and 470 nm for carotenoids, and their contents were calculated
as previously described [70].

4.8. Gibberellin Production

For gibberellin measurements, 106 spores of Fusarium strains were inoculated in 250 mL of low
nitrogen ICI minimal medium [71] with 10% of NH4NO3 in 500 mL flasks. Cultures were incubated at
30 ◦C with 200 rpm rotary shaking. After 7 days of growth in the dark or under illumination (3 Wm−2),
cultures were filtered and centrifuged to get rid of mycelia and spores, respectively. Mycelia were
dried at 80 ◦C for 24 h to measure dry weight, and culture supernatants were kept at −20 ◦C until
measurement of gibberellins. The method used to determine gibberellin was an improvement of
a protocol described by Candau et al. [72].

Fluorescent derivatives of gibberellins were obtained by shaking together 50 μL of culture
supernatant, 50 μL of ethanol (96%, v/v), and 500 μL of a cooled mixture of equal volumes of
sulfuric acid, and 96% ethanol, and incubating the reaction mixture at 48 ◦C in 1.5 mL reaction tube for
30 min. After that, 200 μL of each reaction was pipetted in a 96-well plate. Fluorescence was measured
in a black microtiter box on a Synergy microplate reader (Biotek, Winooski, VT, USA) at excitation
and emission wavelengths of 360 nm and 460 nm. GA3 (Sigma-Aldrich, St. Louis, MO, USA) was
used as a standard. Measurements were done from two different experiments, each one with two
culture replicates.

4.9. Gene Expression Analyses

Cultures consisted in 500 mL flasks with 100 mL of DG media, inoculated with 106 conidia of the
wild type strain FKMC1995, and grown for 3 days in an orbital shaker at 150 rpm at 30 ◦C in the dark.
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Afterwards, 25 mL of the cultures were transferred to Petri dishes under red safe light and incubated
for 8 h in the dark at the same temperature for adaptation to the new conditions. Then, the Petri
dishes were used for mycelia collection before or after exposure to white light (7 W m−2) for 30, 60,
and 240 min. Mycelia from each Petri dish was filtered, frozen in liquid nitrogen, and ground with
a mortar and a pestle for RNA extraction with the TRIzol™ (Ambion, Life Technologies, Waltham, MA,
USA) reagent. Total RNA concentrations were estimated with a Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA). RNA (2.5 μg) was treated with DNAse (Affymetrix,
Thermo Fisher Scientific, Waltham, MA, USA), and reverse transcribed to cDNA with Transcriptor
first-strand cDNA synthesis kit (Roche, Mannheim, Germany). Final concentrations were set to
25 ng μL−1. qRT-PCR analyses were performed in a LightCycler 480 real-time instrument (Roche)
with the LightCycler 480 SYBR green I Master (Roche). Genes and primer sets (forward vs reverse in
5′->3′ orientation) are described in Table 1. Transcript levels for each gene were normalized against the
tubulin beta chain gene under the same conditions. Data of three biological replicates, each one with
three technical replicates, were averaged.

Table 1. Primers used in the qRT-PCR assays.

Gene Forward Primer Reverse Primer

FFUJ_11802 (carRA) CAGAAGCTGTTCCCGAAGACA TGCGATGCCCATTTCTTGA
FFUJ_11803 (carB) TCGGTGTCGAGTACCGTCTCT TGCCTTGCCGGTTGCTT
FFUJ_11804 (carO) TGGGCAACGCAGTGACAT TGCGCAGACAGCCCAGTA

FFUJ_04487 CAACTACCGGCCAACTGTCT TCTGCATGTGCCTTGTTCTC
FFUJ_05248 TTCGGAAGCTTGCAACAACG TCGGTGGGTTGATTCGTGAG
FFUJ_06643 CAGCTATCCTGCAGAAGCGA CATGCTCATCGCCGAAAAGG
FFUJ_07379 TAACCCCGACAACGAGAAAC GTCTACCCACAGGGCTTTGA
FFUJ_08667 GATGTCCTCCGATCTCGTGT CTTTCGCTCGGATCTTTGAC

FFUJ_09550 (Gβ type) ATCACCTCGGTGGCTACATC ATGTCCCAAACCTTGCACTC
FFUJ_03226 (Gγ type) ACCGAGCTCAACAATCGTCT TGCAGTAGGCAATGATGCTC

FFUJ_04397 (tubulin β) CCGGTGCTGGAAACAACTG CGAGGACCTGGTCGACAAGT

4.10. Sequence Analyses

Protein sequences from the rhodopsins genes identified in 38 fungal genomes were aligned
with T-Coffee [73] and used for PhyML [74] analysis with a SH-like and Chi2-based approximate
likelihood-ratio test (aLRT) using the LG substitution mode. Phylogenetic tree was generated with the
TreeDyn analysis [75]. G proteins in the F. fujikuroi genome were identified by protein BLAST analyses
through the NCBI server [76] with the sequences of formerly identified G proteins of Gibberella zeae [37].
The bootstrap NJ tree was obtained with the ClustalX 1.83 program [77], excluding gaps, and applying
the correction for multiple substitutions. The tree was represented with the NJPlot program [78].

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/1/215/s1.
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Abstract: Seed microbiome includes special endophytic or epiphytic microbial taxa associated
with seeds, which affects seed germination, plant growth, and health. Here, we analyzed the
core microbiome of 21 Salvia miltiorrhiza seeds from seven different geographic origins using 16S
rDNA and ITS amplicon sequencing, followed by bioinformatics analysis. The whole bacterial
microbiome was classified into 17 microbial phyla and 39 classes. Gammaproteobacteria (67.6%),
Alphaproteobacteria (15.6%), Betaproteobacteria (2.6%), Sphingobacteria (5.0%), Bacilli (4.6%), and
Actinobacteria (2.9%) belonged to the core bacterial microbiome. Dothideomycetes comprised 94% of
core fungal microbiome in S. miltiorrhiza seeds, and another two dominant classes were Leotiomycetes
(3.0%) and Tremellomycetes (2.0%). We found that terpenoid backbone biosynthesis, degradation of
limonene, pinene, and geraniol, and prenyltransferases, were overrepresented in the core bacterial
microbiome using phylogenetic examination of communities by reconstruction of unobserved states
(PICRUSt) software. We also found that the bacterial genera Pantoea, Pseudomonas, and Sphingomonas
were enriched core taxa and overlapped among S. miltiorrhiza, maize, bean, and rice, while a fungal
genus, Alternaria, was shared within S. miltiorrhiza, bean, and Brassicaceae families. These findings
highlight that seed-associated microbiomeis an important component of plant microbiomes, which
may be a gene reservoir for secondary metabolism in medicinal plants.

Keywords: seed-associated microbiome; 16S rRNA and ITS2 gene amplicons; Illumina sequencing;
diversity; PICRUSt; Salvia miltiorrhiza Bge

1. Introduction

Seed production is one of the most important stages of plant life history. Seeds harbor high
diversity of microbial taxa, known as seed-associated microbiomes, which are the endophytic
or epiphytic microbial communities associated with seeds. Seed microbiomes can allow vertical
transmission across generations, and have profound impacts on plant ecology, health, and
productivity [1–3].

The concept of core microbiome was firstly established for human microbiome, and further
expanded to other host-associated microbiomes such as plants. In addition, this concept was even used
to describe microbial members shared across soils, lakes, and wastewater [4–6]. The composition and
function of plant core microbiomes have been achieved for several model plants, such as Arabidopsis,
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maize, rice, barley, and soybean. Several studies showed that soil types and host plant genotypes
are the main factors affecting the microbial community assemblage [5,7–11]. Studies on human
microbiomes showed that human association of microbial communities have a huge impact on
host metabolism [12–14], but few studies have analyzed the effects of plant microbiome on host
metabolism. Existing plant microbiome studies have focused on rhizosphere and phyllosphere
microbial communities, and our understanding of the seed microbiome has remained limited. Some
studies have shown that seed core microbiome is specific for terroir and emergence [15,16]. Seed
microbiomes have diverse seed–microbe interactions, and properties, such as being fast-growing, use
as bio-fertilizer, antagonistic properties, and ability to cope with environmental stress [17–23], and are
predicted to be an important biological resource for sustainable agriculture [24].

Danshen (Salvia miltiorrhiza Bge) is an important medicinal plant, mainly used to treat coronary
heart diseases and cerebrovascular diseases, and has been used in China, Japan, and other east
Asian countries for hundreds of years [25]. Tanshinone (a diterpenoid quinones compound) and
salvianolic acid are two important active constituents of S. miltiorrhiza. Several studies on the associated
microbes of danshen mainly focused on in vitro activities of endophytes and mycorrhizal fungi, and
some endophytes could produce the similar active constituents in host plants [26–34]. However, the
composition and function of root, leaf, or seed-associated microbiome in S. miltiorrhiza have not been
deciphered yet.

We collected different seeds from different geographic cultivation areas and characterized the
seed-associated microbiome by deep-sequencing approach to decipher the seed-associated microbiome
in S. miltiorrhiza. Sampling was performed across the main planting zones for S. miltiorrhiza, including
Shaanxi, Shanxi, Henan, and Shandong provinces. We used IlluminaMiSeq platform to sequence 16S
ribosomal RNA (rRNA) gene, and ITS2 amplicons for DNA prepared from seven diverse geographic
sources of S. miltiorrhiza seeds. Later, we analyzed the overlap between different source seeds and
their common microbial taxa. In addition, we also analyzed the overlap in microbial taxa among
danshen, maize, bean, rice, and Brassicaceae. Furthermore, we also predicted the bacterial functional
profiles of core microbiome in S. miltiorrhiza seeds using phylogenetic investigation of communities by
reconstruction of unobserved states (PICRUSt) software.

2. Results

2.1. Genetic Diversity of Different S. miltiorrhiza Seeds

The genetic diversity of the seven Salvia cultivars used in this study was firstly assessed through
10 simple sequence repeat (SSR) markers (S3). According to the SSR data analyses, the individual
number was suitable to represent the cultivar level of genetic diversity. At the population level, the
number of different alleles (Na) and effective alleles (Ne) ranged between from 2.80 to 4.10 and 2.21 to
3.28, respectively (mean 5.305 and 3.113, respectively). This finding indicates allele differences among
the S. miltiorrhiza groups, but these differences were insignificant. Among the population genetic
diversity parameters, the ranges of Shannon’s Information Index (I), Observed Heterozygosity (Ho)
and Expected Heterozygosity (He) ranged from 0.86 to 1.24, from 0.63 to 0.85, and from 0.53 to 0.66,
respectively. These results showed that the genetic diversity in different populations of S. miltiorrhiza
was high. There were differences among the groups but the difference between groups was low. All of
the observed heterozygosity (Ho) values were higher than expected heterozygosity (He), indicating
the existence of significant excess heterozygosity in the population. Analysis of molecular variance
(AMOVA) results indicated that the genetic diversity among cultivars was 96% much higher than
genetic diversity within cultivar (4%) (Table S4). These results confirmed that the genetic variation of
these S. miltiorrhiza populations were mainly due to the genetic differences within the population. SSR
cluster analysis chart of these S. miltiorrhiza seeds from different geographic sources were displayed in
Figure S2.
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2.2. The Bacterial 16S rRNA and Fungal ITS Sequencing Data Set

Bacterial 16S rRNA and fungal ITS gene profiling of 21 seed samples from seven different
producing area were subjected to Illumina Miseq sequencing to identify bacterial and fungal
seed-associated core microbiome of cultivated S. miltiorrhiza. Later, bioinformatics analyses were
carried out, and seed-associated core microbiome analyses were carried out among six source
S. miltiorrhiza seeds, besides the seed of Salvia miltiorrhiza Bge. f. alba (a variant of S. miltiorrhiza) from
Laiwu city in Shandong province.

The bacterial 16S rRNA sequencing resulted in 662,164 raw reads, and 662,098 of them passed
the quality and length filtering. The data set comprised of 11,632–48,933 (the mean: 30,576) sequences
per sample, clustered into 2548 OTUs (97%) (Table S3). The data set was rarefied, as showed in
Supplementary Figure S3a. Richness estimation of seed sample complete data set revealed that
Illumina 16S rDNA sequencing attained 57.0–87.4% of the estimated richness (Table S5).

The fungal ITS sequencing resulted in 1,729,121 raw reads and 1,665,477 of them passed the
quality and length filtering. The data set comprised of 49,796–107,206 (the mean: 79,308) sequences
per sample clustered into 222 OTUs (97%). The data set was rarefied as shown in Supplementary
Figure S3b. Richness estimation of complete data set revealed that Illumina ITS sequencing attained
77.9–96.8% of estimated richness (Table S6).

2.3. Diversity of the Seed-Associated Bacterial Microbiome in S. miltiorrhiza

Alpha-diversity of the seed-associated bacterial microbiome of each sample was estimated using
the observed species, community richness (Chao 1, expressed as the projected total number of OTU
in each sample), Shannon diversity index, and evenness (Simpson’s index). The observed species,
Chao 1, and Shannon diversity indices suggested that bacterial community richness showed significant
difference between S. miltiorrhiza seed samples from different geographic origins, and community
evenness showed by Simpson’s index also suggested the presence of significant differences (Tables S5
and S7, and Figure S6). DS4-LG seeds that came from Langao county, Shaanxi province had the highest
community diversity within these seed samples (Shannon diversity indices: 6.63 ± 0.73).

The variation of seed-associated microbiome diversity was explained by cultivated area (sampling
location) (Figure 1). The β-diversity of the seed-associated bacterial microbiome among the different
sampling locations was statistically significant. Moreover, the bacterial microbiome from different
sampling locations was clustered well by unweighted unifrac distance matrix cluster analysis
(Figure S1).

Altogether, the bacterial microbiome was classified into 17 microbial phyla and candidate
divisions, and 39 classes (Figures 2 and 3). At phylum level, the most dominant bacterial phyla were
Proteobacteria (85.9%), Bacteroidetes (6.3%), Firmicutes (4.8%), and Actinobacteria (2.9%). At class
level, the bacterial microbiome was dominated by Gammaproteobacteria (67.6%), Alphaproteobacteria
(15.6%), Betaproteobacteria (2.6%), Sphingobacteriia (5.0%), Bacilli (4.6%), and Actinobacteria (2.9%)
(Figure 2a, Figure S4).
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Figure 1. Comparison of seed-associated bacterial microbiome with cultivated area (sampling
geographic origins) by principal coordinates analysis (PCoA). PCoA plot is based on unweighted
unifrac distance matrix of the 16S rRNA gene amplicons. The color of the symbols indicates samples
with their IDs: pale red (DS1-LG, Luonan, Shaanxi, China), light brown (DS2-SZ, Shangzhou, Shaanxi,
China), light green (DS3-TC, Tongchuan, Shaanxi, China), Wathet (DS4-LG, Langao, Shaanxi, China),
blue (DS5-MC, Mianchi, Henan, China), purple (DS6-RC, Ruicheng , Shanxi, China), and pink (DS7-LW,
Laiwu, Shandong, China).

Figure 2. Taxonomic composition of the seed-associated (a) whole and (b) core bacterial microbiome
of S. miltiorrhiza at the class level. Pie charts represent relative abundances of bacterial classes for the
whole and core microbiome.
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Figure 3. Taxonomic composition of the seed-associated (a) whole and (b) core bacterial microbiome of
S. miltiorrhiza at the genus level. Pie charts represent relative abundances of bacterial genera for the
whole and core microbiome.

2.4. Diversity of the Seed-Associated Fungal Microbiome in S. miltiorrhiza

The fungal community richness showed significant differences between S. miltiorrhiza seed
samples from different geographic origins, as with the bacterial microbiome, which is indicated by the
observed species, Chao 1, and Shannon diversity indices. Community evenness also showed some
significant differences between different seeds (Tables S6 and S8, and Figure S7).

The variation of seed-associated fungal microbiome diversity was explained by cultivated area
(sampling location). The beta-diversity of the seed-associated fungal microbiome among the different
sampling locations had statistical significance. However, these seed samples were not clustered well by
Euclidean distance matrix, unweighted unifrac distance matrix, and weighted unifrac distance matrix.

The fungal microbiome was mainly classified into 4 phyla and candidate divisions and 19 classes,
whereas 3.9% and 9.0% of the fungal microbiome remained unassigned at phylum and class level,
respectively (Figures 4 and 5). At the phylum level, the most dominant fungal phyla were Ascomycota
(92.4%), Basidiomycota (3.6%), and other unclassified phylum (3.9%) (Figure 4, Figure S5). At the
class level, fungal microbiome was dominated by Dothideomycetes (73.5%), Sordariomycetes (11.4%),
Tremellomycetes (3.0%), and three other unidentified classes (two Ascomycota classes: 3.9 and 1.2%,
respectively, and another unassigned class: 3.9%).

2.5. Determination of the Core Bacterial Microbiome (Bacteriome) of S. miltiorrhiza Seeds

We used the persistence method to identify the OTUs present across these seed samples and
determine the core bacterial microbiome (bacteriome) in S. miltiorrhiza seed. This core bacterial
microbiome contained 16 OTUs (233,225 seq.) and corresponded to 54.5% of the whole microbiome.
Taxonomic composition of the core microbiomewasmore concentrated than those of the whole
microbiome at both the class and genus levels (Figures 2 and 3). Gammaproteobacteria took the
absolute advantage, and ran up to 96% of the core bacterial microbiome in S. miltiorrhiza seed at the
class level. However, Alphaproteobacteria and Actinobacteria contributed 3% and 1%, respectively.
At the genus level, Pantoea and Pseudomonas contained 68% and 22%, respectively. In addition,
Enterobacter occupied 3%, whereas Erwinia, Sphingomonas, Methylobacterium, and Curtobacterium and
an unclassified genus exceeded 1%. These results revealed that the seeds of S. miltiorrhiza shared the
dominant microbiota within their microbiome (Figures 2 and 3, Table S9).
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Figure 4. Taxonomic composition of the seed-associated (a) whole and (b) core fungal microbiome of S.
miltiorrhiza at the class level. Pie charts represent relative abundances of fungal classes for the whole
and core microbiome.

 

Figure 5. Taxonomic composition of the seed-associated (a) whole and (b) core fungal microbiome of S.
miltiorrhiza at the genus level. Pie charts represent relative abundances of fungal genera for the whole
and core microbiome.

2.6. Determination of the Core Fungal Microbiome (Mycobiome) of S. miltiorrhiza Seeds

We deciphered the core fungal microbiome (mycobiome) for S. miltiorrhiza seed using the same
persistence approach. The core fungal microbiome of S. miltiorrhiza seed contained 3 OTUs (544,258 seq.)
and contributed to 39.5% of the total fungal microbiome abundance in S. miltiorrhiza seed. At the
class level, Dothideomycetes took up 94% of the core fungal microbiome in S. miltiorrhiza seed, and
another two dominant classes were Leotiomycetes and Tremellomycetes. Alternaria (54%), another
two unclassified genera of Dothideomycetes (28% and 9%), and a genus of Leotiomycetes (3%) were
the dominant genera in the core fungal microbiome in S. miltiorrhiza seed, whereas Aureobasidium and
Filobasidium also occupied 2% (Figures 4 and 5, Table S10).
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2.7. Predictive Function of Core Bacterial Microbiome in S. miltiorrhiza Seeds

We predicted the functional profiles of bacterial core microbiome based on the 16S rRNA gene
copy number of deciphered core bacterial taxa using PICRUSt according to the KEGG Ortholog groups
(KOs). We mainly focused on predicted abundances of KOs assigned to metabolism of terpenoids and
polyketides, and biosynthesis of secondary metabolites. The overrepresented group included terpenoid
backbone biosynthesis, limonene, pinene, and geraniol degradation, prenyltransferases in metabolism
of terpenoids and polyketides, and streptomycin biosynthesis in biosynthesis of secondary metabolites.
Moreover, biosynthesis of siderophore group nonribosomal peptides, tetracycline, polyketide sugar
unit, tropane, piperidine, pyridine alkaloid, novobiocin, and phenylpropanoid had also a certain
abundance (Figure 6). The metabolism of functional profiles was similar between different geographic
origin seeds of S. miltiorrhiza.

Figure 6. The heatmap of normalized relative abundance of imputed functional profiles of KOs
assigned to biosynthesis of secondary metabolites and metabolism of terpenoids and polyketides
within S. miltiorrhiza seed-associated core bacterial microbiome using PICRUSt grouped into level-3
functional categories.

3. Discussion

The seed-associatedmicrobiome may play an important role in plant growth and fitness by vertical
transmission, influencing the primary assemblage of the plant microbiota [1,2]. Culture-independent
methods using the next-generation sequencing platforms provide a high-resolution microbial
community profiles for seed microbiome of maize (Zea mays) [35], bean (Phaseolus vulgaris) [15],
rice (Oryza sativa) [36], and barley (Hordeum vulgare) [37], and family Brassicaceae [16] in recent years.
In these studies, plant species and genotype, and growth environment were the main determinants
of the seed-associated (endophyte and epiphyte) microbiota community structure. Both horizontally
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(acquired from the surrounding environment) and vertically (acquired directly from the parent) mode
may contribute to the final composition of seed microbiome.

Despite significant differences between the seed microbiome of different plant species or varieties,
the seed-associated microbiome consists a core set of microbial taxa. By comparing the present study
of seed-associated microbiome of S. miltiorrhiza with maize (Z. mays) [35], bean (P. vulgaris) [15], and
rice (O. sativa) [36], we found some enriched core taxa (genera) overlap among these plant seeds,
which includethe bacterial genera Pantoea, Pseudomonas, Sphingomonas, and a fungal genus Alternaria
(Figures 7 and 8). A recently interesting study by Rybakova et al. confirmed that bacterial genera
Sphingomonas, Pseudomonas, and Bacillus were also the most abundant taxa in the seed microbiome
of Brassica napus [38]. These finding suggested an interesting possibility of a long association and
coevolution between some seed-associated microbial taxa and their hosts.

Figure 7. Seed-associated bacterial genera shared among danshen, maize, bean, and rice. The font
color of genera was color-coded by phyla. Maize bacterial genera are based on [35]. Bean bacterial
genera are based on [15]. Rice bacterial genera are based on [36]. * We isolated many Bacillus strains
from danshen seeds, but Bacillus was not the dominant genus according to the 16S rRNA sequencing
results. This may be due to the spore formed microbes being more easily culturable, or the bias caused
by 16S rDNA primer specificity.

Figure 8. Seed-associated fungal genera shared among danshen, Brassicaceae, and bean. The font color
of genera was color-coded by phyla. Brassicaceae fungal genera are based on [16]. Bean fungal genera
are based on [15].
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The predominance of Pantoea was especially apparent among the overlapping bacterial core
taxa. In recent years, many studies have shown that some strains of Pantoea isolated from rice [39],
maize [40], wheat [41], and Brassica seeds expressed a few better antagonistic activities, whereas other
isolates of Pantoea exhibited neutral or weak pathogenic activities. Therefore, the function of Pantoea
strains contained in seed-associated microbiome needs to be further evaluated. The other dominant
genus, Pseudomonas, which is a kind of important plant growth-promoting bacteria (PGPR), were
widely distributed in rhizosphere and endosphere of plants, and they can promote plant growth and
drive root development [42,43]. Pseudomonas spp. represent one of the most abundant genera of the
root microbiome [5,7,44,45]. Another overlapping genus, Sphingomonas, was also enriched taxa in
some plant root systems which display plant growth promoting and bioremediation activities [46–48].
Therefore, the genera Pseudomonas and Sphingomonas in the seed microbiome are likely to be important
reservoirs of rhizosphere or endosphere microbiome. Regarding the shared fungal core taxa, genus
Alternaria can be a potential plant pathogen, but it also includes beneficial endophytes as biocontrol
agents or other active compounds producing microbes [49–52]. Therefore, Alternaria can affect the
germination of seeds and the assemblage of plant microbiome, and consequently, the growth and
fitness of plants.

PICRUSt analysis of the seed core microbiome in S. miltiorrhiza showed high relative abundances
of some secondary metabolism pathways or key enzymes which are closely related to terpenoid
biosynthesis. Terpenoid backbone biosynthesis can provide many important precursors for terpenoid
biosynthesis, which are common in upstream metabolic pathway. Limonene and pinene degradations
are important component of monoterpene biosynthesis pathway. Geraniol degradation is also an
important terpenoid metabolism pathway [53]. Prenyltransferases are key enzymes in many primary
and secondary metabolism [54]. These pathways are common terpenoid metabolic pathways in
microorganisms, and their overrepresentation in seed-associated microbiome indicates their potential
for secondary metabolism gene repository in S. miltiorrhiza. Although the PICRUSt predicted results
could not fully reflect the actual metabolic capacities of the microbial community, the seed microbiome
might be considered as enriched species that are closely related to terpenoid metabolism, just as
Del Giudice et al. found that the microbial community of Vetiver root involved its essential oil
biogenesis [55], S. miltiorrhiza seed-associated microbiota might influence the secondary metabolism of
host plant, and participate in the biological process of plant stress resistance and immunity.

4. Material and Methods

4.1. Sampling of Salvia miltiorrhiza Seeds

We collected 18 seeds from diverse geographic origins within the northwest of China in August
2015 to decipher core seed-associated microbiome of cultivated S. miltiorrhiza. We covered the
main producing areas of danshen by choosing the seeds from Luonan county (34◦05′26.19′ ′ N,
110◦02′6.09′ ′ E), Shangzhou district (33◦57′42.11′ ′ N, 109◦58′7.41′ ′ E), Tongchuan city (34◦54′15.02′ ′ N,
108◦57′5.61′ ′ E), Langao county (32◦18′50.68′ ′ N, 108◦54′31.81′ ′ E) in Shaanxi province, Mianchi
County (34◦46′27.43′ ′ N, 111◦46′6.34′ ′ E) in Henan province, and Ruicheng County (34◦38′11.09′ ′ N,
110◦19′8.77′ ′ E) in Shanxi province (Table S1, Figure S1). Moreover, we collected a seed of
Salvia miltiorrhiza Bge. f. alba, a variant of S. miltiorrhiza from Laiwu city in Shandong province
(36◦12′49.00′ ′ N, 117◦40′14.86′ ′ E), as a control of closely related species. Seeds from each geographic
origin were collected as three independent replicates. All seeds were collected from S. miltiorrhiza
standard planting base of Tasly Group Company (Tianjin, China). The quality of collected seeds was
shown in Table S1. These seeds were stored separately in plastic bags at −20 ◦C before DNA extraction.
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4.2. Plant DNA Exaction and SSR Genotyping

A total of 27 danshen plants were genotyped using 10 SSR molecular markers to analyze the
genetic diversity existing between and within the seven S. miltiorrhiza cultivars (Table S2). Danshen
SSR genotyping analysis method used established by Dr. Qi ZC [56,57].

Briefly, the plant seedlings were grown in a greenhouse from the seed stage and 50 mg of fresh
leaf tissue were collected from each individual seedling. Genomic DNA were extracted following a
modified cetyltrimethyl ammonium bromide (CTAB) protocol [58], which uses a more efficient Plant
DNAzol® kit (Thermo Fisher Scientific, Waltham, MA, USA). Later, DNA quality was examined on 1%
agarose gel and concentration were assessed through spectrophotometry by using NanoDrop 2000
(Thermo Fisher Scientific, Waltham, MA, USA).

The SSR genotyping was carried out using 10 SSR markers covering all the species linkage groups
(Table S2). PCR amplifications were performed on a T100 Thermal Cycler (Applied Biosystem, Foster
City, CA, USA) with a 10 μL reaction mixture containing the following protocol: 1 μL template genomic
DNA, 5 μL 2× Master Mix (TSINGKE, Hangzhou, China), 0.2 μM of each primer. The PCR protocol
used was as follows: 94 ◦C for 3 min; followed by 35 cycles of 94 ◦C for 30 s, a locus-specific Ta (Table S2)
for 30 s, and 72 ◦C 45 s, and a final extension at 72 ◦C for 10 min. Amplification products were checked
on 2 % agarose gel stained with Gene Green Nucleic Acid dye (TIANGEN, Beijing, China).

Afterwards, PCR products were sent to TSINGKE (Hangzhou, China) where genotyped by
ABI 3730 sequencer (Thermo Fisher Scientific, Waltham, MA, USA). Genetic diversity parameters,
including the number of allele (Na), observed and expected heterozygosity (Ho, He) and polymorphism
information content (PIC), which were estimated using GenAlEx 6.502 software [59]. Deviations from
Hardy-Weinberg equilibrium (HWE) were tested by GENEPOP 4.2 software [60].

4.3. Microbial DNA Extraction

DNA from different samples was extracted using PowerPlant® DNA Isolation kit (13400-50,
MOBIO, Inc., Germantown, MD, USA) according to manufacturer’s instructions. Sample blanks
consisted unused swabs processed through DNA extraction, and they were tested to contain no 16S
amplicons. The total DNA was eluted in 50 μL of elution buffer by a modification of the procedure
described by the manufacturer (MOBIO), and stored at −80 ◦C until measurement in the PCR by
LC-Bio Technology Co., Ltd., Hangzhou, China.

4.4. PCR Amplification, 16S rDNA or ITS Sequencing and Data Analysis

We amplified the V3–V4 region of the bacterial 16S rRNA gene and ITS2 region of the
eukaryotic (fungal) small-subunit rRNA gene using the total DNA from 21 S. miltiorrhiza seed
samples as a template and the primer (319F 5′-ACTCCTACGGGAGGCAGCAG-3′; 806R 5′-GGACTA
CHVGGGTWTCTAAT-3′) for bacterial microbiota and primer (ITS7F 5′-ACTCCTACGGGAGGCAG
CAG-3′; ITS4R 5′-GGACTACHVG GGTWTCTAAT-3′) for fungal microbiota. The 5′ ends of the primers
were tagged with specific barcodes per sample and sequencing universal primers.

All reactions were carried out in 25 μL (total volume) mixtures containing approximately 25 ng
of genomic DNA extract, 12.5 μL PCR Premix, 2.5 μL of each primer, and PCR-grade water to adjust
the volume. PCR reactions were performed in a master cycler gradient thermocycler (Eppendorf,
Hamburg, Germany) set to the following conditions: initial denaturation at 98 ◦C for 30 s; 35 cycles
of denaturation at 98 ◦C for 10 s, annealing at 54/52 ◦C for 30 s, and extension at 72 ◦C for 45 s; and
then a final extension at 72 ◦C for 10 min. The PCR products were confirmed with 2% agarose gel
electrophoresis. Throughout the DNA extraction process, ultrapure water instead of a sample solution,
was used to exclude the possibility of false-positive PCR results as a negative control. The PCR
products were normalized by AxyPrep TM Mag PCR Normalizer (Axygen Biosciences, Union City, CA,
USA), which allowed the skipping of the quantification step, regardless of the PCR volume submitted
for sequencing. The amplicon pools were prepared for sequencing with AMPure XT beads (Beckman
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Coulter Genomics, Danvers, MA, USA), and the size and quantity of the amplicon library were assessed
on the LabChip GX (Perkin Elmer, Waltham, MA, USA) and with the Library Quantification Kit for
Illumina (Kapa Biosciences, Woburn, MA, USA), respectively. PhiX Control library (V3) (Illumina)
was combined with the amplicon library (expected at 30%). The library was clustered to a density of
approximately 570 K/mm2. The libraries were sequenced either on 300PE MiSeq runs, and one library
was sequenced with both protocols using the standard Illumina sequencing primers, which eliminated
the need for a third (or fourth) index read.

Samples were sequenced on an Illumina MiSeq platform according to the manufacturer’s
recommendations provided by LC-Bio. Paired-end reads were assigned to samples based on their
unique barcode, and truncated by cutting off the barcode and primer sequence. Paired-end reads
were merged using PEAR (v.0.9.6) (Heidelberg, Germany) [61]. Quality filtering on the raw tags
was performed under specific filtering conditions to obtain the high-quality clean tags according to
the FastQC (v.0.10.1) (New Delhi, India) [62]. Chimeric sequences were filtered using VSEARCH
(v.2.3.4) (Oslo, Norway) and sequences with ≥97% similarity were assigned to the same operational
taxonomic units (OTUs) using the same software [63]. Representative sequences were chosen for
each OTU, and taxonomic data were then assigned to each representative sequence using the RDP
(Ribosomal Database Project) classifier. To examine the differences of the dominant species in different
groups, multiple sequence alignments were conducted using PyNAST (v.1.2) software (Boulder, CO,
USA) [64] to study phylogenetic relationships of different OTUs. Abundance information of OTUs was
normalized using a standard of sequence number corresponding to the sample with the least sequences.
Alpha diversity was applied in analyzing complexity of species diversity for a sample through 4 indices,
including Chao 1, Shannon, Simpson, and Observed species. All these indices in our samples were
calculated with QIIME software (Boulder, CO, USA) in Python (v.1.8.0) (La Jalla, CA, USA) [65]. Beta
diversity analysis was used to evaluate differences of samples in species complexity. Beta diversity
was calculated by principle coordinates analysis (PCoA) and cluster analysis by QIIME [66].

4.5. Determination of Core Microbiome of S. miltiorrhiza Seed

Metagenomics Core Microbiome Exploration Tool (MetaCoMET) was applied to decipher the
core microbiome across cultivated S. miltiorrhiza seeds according to the membership and persistence
methods, especially by focusing on the latter methods [67]. In brief, we input the OUT BIOM file
generated by QIIME, which described the above and metadata file in turn. We uploaded these files to
the website, and selected parameters and Venn type. Later, we submitted them to the web platform to
obtain results.

4.6. Predict Microbial Functional Profiles of Core Microbiome

PICRUSt software (http://picrust.github.io/picrust) was used to predict the microbial functional
profiles of core microbiome in S. miltiorrhiza seeds. We modified the sequence data format according to
the platform requirements, and then performed the functional prediction using the method provided
by PICRU St. Briefly, the OUT BIOM table of seed-associated core microbiome was used as an input file
for metagenome imputation of S. miltiorrhiza seed samples, and predicted gene class abundances were
analyzed at KEGG Orthology group levels 3 [68]. Results from PICRUSt were analyzed in statistical
analysis of taxonomic and functional profiles (STAMP) [69].

5. Conclusions

In conclusion, deciphering the core microbiome across different cultivated S. miltiorrhiza seeds
indicated that seed microbiome is a distinctive genetic resource for the host plant. Although
some studies had indicated seed microbiomes have significant impacts on host plant health and
productivity [1,2,16–18], our study provides the first insights into the seed-associated core microbiome
of a medicinal plant. Our PICRUSt prediction analysis revealed that these microbial core taxa can
influence the growth and quality of S. miltiorrhiza. Especially, we found the seed-associated microbiome
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could be a reservoir and supplement of secondary metabolic capabilities, in addition to the host plant
genome. Just as Aleti et al. found, the secondary metabolite genes encoded by potato rhizosphere
microbiomes were diverse and vary with the different samples and vegetation stage, which influence
on the growth and metabolism of the host plant [70]. Our study suggested that some core taxa of
seed microbiome not only promoted seed germination and plant growth, but also regulated and
participated in the secondary metabolism of host plants.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/3/
672/s1.
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Abstract: Metal contaminated soils are increasing worldwide. Metal-tolerant plants growing on
metalliferous soils are fascinating genetic and microbial resources. Seeds can vertically transmit
endophytic microorganisms that can assist next generations to cope with environmental stresses,
through yet poorly understood mechanisms. The aims of this study were to identify the core seed
endophyte microbiome of the pioneer metallophyte Crotalaria pumila throughout three generations,
and to better understand the plant colonisation of the seed endophyte Methylobacterium sp. Cp3.
Strain Cp3 was detected in C. pumila seeds across three successive generations and showed the most
dominant community member. When inoculated in the soil at the time of flowering, strain Cp3
migrated from soil to seeds. Using confocal microscopy, Cp3-mCherry was demonstrated to colonise
the root cortex cells and xylem vessels of the stem under metal stress. Moreover, strain Cp3 showed
genetic and in planta potential to promote seed germination and seedling development. We revealed,
for the first time, that the seed microbiome of a pioneer plant growing in its natural environment,
and the colonisation behaviour of an important plant growth promoting systemic seed endophyte.
Future characterization of seed microbiota will lead to a better understanding of their functional
contribution and the potential use for seed-fortification applications.

Keywords: metalliferous soil; trace metals; Methylobacterium; seed core microbiome; plant growth-promoting
endophyte; xylem

1. Introduction

Metal contaminated sites are a threat to human health when left untreated and lead to significant
economic costs [1]. In Europe, an estimated 137,000 km2 or 6.24% of the agricultural soils is
contaminated with trace metals [1]. In China, as much as 10.18% of farmland soil is heavily
contaminated and about 13.86% of cereal production is affected [2]. Besides anthropogenically
contaminated soils, natural metalliferous soils exist, including serpentine soils (enriched in Ni, Cr, Co)
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and calamine soils (enriched in Cd, Pb, Zn), which are interesting for mining. However, at the same
time these activities destroy the soil structure and life. On natural metalliferous soils and mine tailings
(waste heaps), metallophyte plants can be found which are tolerant to high concentrations of trace
metals. Some of these metallophytes are able to (hyper)accumulate trace metals in their aboveground
tissues in high concentrations without showing any symptoms of toxicity [3,4]. Several mechanisms
are at the basis of metal detoxification, including the sequestration of trace metals in the vacuole or
apoplast and/or the complexation of metals with metal-binding peptides, such as metallothioneines
and phytochelatins [5,6]. In contrast to these metallophytes, most agricultural crops are very sensitive
to elevated metal concentrations in soils. Therefore, it is of crucial importance to develop methods to
reclaim heavily disturbed metal contaminated sites, and improve plant growth and metal tolerance.

Plants are colonized by an enormous diversity of microorganisms with a range of metabolic functions
that allow for soil microorganisms to affect metal uptake, transformation, and accumulation [7,8]. In this
respect, rhizosphere micro-organisms have been extensively studied for their interactions with
metalliferous plants [8,9]. They were shown to contribute to metal accumulation in plants either
directly or indirectly by stimulating plant growth, increasing the surface area of roots, the release
of nutrients, and affecting metal uptake, or by (im)mobilizing and/or complexing metals [5,8,9].
Endophytic bacteria are also recognized as very important in respect of stress tolerance and plant
growth [10]. Endophytes can promote plant growth and metal uptake directly by producing plant
growth beneficial substances, phytohormones, siderophores and specific enzymes, metal mobilizing
compounds, and biosurfactants; and, indirectly through controlling plant pathogens or by improving
plant stress tolerance by producing 1-aminocyclopropane-1-carboxylate (ACC)-deaminase [10,11].
In contrast to the available amount of information on rhizospheric and shoot endophytic bacteria of
metalliferous plants, very little is known about seed endophytes. Mastretta et al. [12] demonstrated
that seeds of tobacco grown on a Cd containing growth medium carried beneficial endophytes,
which improved biomass production under conditions of Cd exposure, and resulted in higher plant
Cd concentrations when compared to non-inoculated plants [12]. Truyens et al. [13] have shown that
the seed endophytic community of Arabidopsis thaliana exposed to Cd for several generations, contained
different bacterial taxa and different functional properties, e.g., metal tolerance and ACC-deaminase
dominated in the strains isolated from seeds grown on a Cd enriched growth substrate, while siderophore
production, IAA production, and organic acids was more prevalent in endophytes from seeds of plants
grown in absence of Cd [13,14]. This suggests that certain endophytes and traits can be transferred to next
generations and might be of high importance for seed germination and seedling development.

Crotalaria pumila is an annual herbaceous (sub)tropical plant species with wide environmental
tolerance. It is a potential accumulator and phytoextractor of Zn, growing on metalliferous soils in
the semi-arid region in Zimapan, Mexico. The plant has unique adaptations to deal with metal stress
and accumulates up to 300 mg Zn per kg of dry weight (DW) in the shoots, which reflects the total
Zn concentrations in the soil [15]. To better understand the abilities of this metallophyte to grow
and proliferate under these harsh environmental conditions, we sampled and characterized the seed
microbiota over three successive years which led to the interesting discovery of a high abundance
of Methylobacteria present in the samples [16]. But so far, we have yet an incomplete understanding
of how these Methylobacteria can contribute to plant growth and health. Therefore, we performed
a detailed investigation of the seed microbiome of C. pumila, in order to figure out which are the dominant
re-occurring seed endophytes (seed core microbiome), which representative cultured Methylobacterium spp.
can be characterized and which plant growth promoting properties they have. In addition, what is the
origin of Methylobacterium in the seed, is it a systemic endophyte or a stochastic phenomenon. In addition,
the effects of inoculation with Methylobacterium sp. strain Cp3 on seed germination were evaluated.

This paper describes for the first time the seed core microbiome of Crotalaria pumila, and presents
the full characterized potential of its dominant colonizer, Methylobacterium sp. Cp3. We found that
strain Cp3 is able to migrate from sand to seeds, produces a plethora of plant growth promoting
(PGP) compounds and has multiple metal resistant elements in its genome. Moreover, it has the
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potential to perform aerobic anoxygenic photosynthesis and can consume 1C-compounds from plants.
Most importantly, strain Cp3 can improve seed germination and significantly increases root radicle
length. Future studies on other plant species growing on the same site, such as Brickellia veronicifolia,
Dalea bicolor, Dichondra argentea, and Pteridium sp., and seed microbiome interaction studies can further
develop our knowledge on the importance of seed microbiota of metalliferous plants, and may lead to
the development of seeds characterized by improved germination and seedling/plant development
on trace metal contaminated sites.

2. Results

2.1. Seed Microbiome of C. pumila

The seed microbiome of C. pumila was identified in seed pods that are collected over three
consecutive years. Methylobacterium is the most abundant genus of the seed microbiome, constituting
48.90% in 2011, 37.62% in 2012, and 29.91% in 2013 (Figure 1A). In 2012, also Enterobacteriaceae
accounted for a large fraction (Figure 1B). In addition to Methylobacteria and Enterobacteriaceae,
other dominant taxa identified in the seeds were Firmicutes (Staphylococcus), and Actinobacteria with
Corynebacterium. Interestingly, within the Methylobacteria group, a single OTU_4434806 was the
most dominant member across all of the years (Figure 1B). A sample per sample comparison showed
that this specific OTU occurred in 11 of 12 different seed pods collected. Analyses of the seed core
microbiome, defined as the bacterial taxa occurring in at least 50% of the samples over three consecutive
years, confirmed that Methylobacterium OTU_4434806 was the most abundant OTU (57%) of the seed
bacterial community (Figure 1C). Because of the high prevalence of this OTU in the seeds and the
potential importance for seed germination and plant growth, we queried our culturable collection for
representatives matching at least 99% of the partial 16S rDNA sequence with OTU_4434806. This led to
the identification of isolate Methylobacterium sp. Cp3, the candidate for studying the plant colonisation
mechanism of Methylobacteria.

Figure 1. Composition of the core microbiome of Crotalaria pumila seeds throughout three consecutive
generations. Average of core microbiome in each generation (A); and, identification of the most
abundant taxon in each generation (B) and in the core microbiome over the three generations (C).
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2.2. Endophytic Colonisation of Methylobacterium sp. Cp3 from Soil Substrate to Seed

To gain insights in the mode of plant colonisation, strain Cp3 was inoculated via the nutrient
solution added to the soil on which Arabidopsis thaliana plants were growing. We chose A. thaliana for
these experiments because of the long generation time of Crotalaria (six months), when compared to
A. thaliana (10 weeks), and moreover, Methylobacterium has been shown to be part of the endophytic
community A. thaliana seeds as well [13]. Control plants were watered with only the nutrient
solution. Ten weeks after inoculation, strain Cp3 was found in the seeds by Methylobacterium specific
Automated Ribosomal Intergenic Spacer Analysis (ARISA)-fingerprint, while the strain was not present
in non-inoculated plants (Figure 2A, fragment of 620 bp). Strain Cp3 was also highly abundant in the
inoculated soil, while native Methylobacteria species were present in the non-inoculated non-sterile
soil, as shown by DNA fingerprints of different sizes (Figure 2A). Methylobacterium Cp3 was not
detected in the shoot of mature inoculated plants, indicating that at the time of seed ripening and
drying of the shoot, the seed is a more conducive and protective habitat. We performed also ARISA
using general bacteria primers (Figure 2B). Although this gives a more complicated and rich fingerprint
profile, the 750-bp PCR-fragment corresponding to Methylobacterium Cp3 could be distinguished in the
seeds of inoculated plants, in the soil and also in the shoot, providing an additional confirmation of the
systemic spread and the presence of the inoculated strain throughout the plant. Because the general
bacteria primers target a broad range of bacteria, amplifying many more fragments not necessarily
corresponding to Methylobacteria, we consider the fingerprint profiles with Methylobacteria-specific
primers as more confirmative for Cp3 colonisation, while the general bacteria primers provide
an indication of the total bacterial community diversity in the seeds, shoot, and sand substrate.

Figure 2. Methylobacteria specific ARISA fingerprints and general bacteria Automated Ribosomal
Intergenic Spacer Analysis (ARISA) fingerprints of the control non-inoculated A. thaliana plants and
plants inoculated with Methylobacterium sp. Cp3. Pink boxes indicate the fingerprint of the inoculated
strain Cp3 and the arrows point to the specific amplicon for Cp3.

In addition to ARISA fingerprinting, the presence of strain Cp3 in seeds was assessed by counting
the abundance of Methylobacteria colony forming units (CFU) on methanol impregnated medium and
BOX fingerprint analyses. Inoculated plants were significantly more colonised with 8.6 × 105 ± 1.5
pink-colored CFU g−1 seed, against 2.1 × 104 ± 3.5 CFU g−1 for seeds of non-inoculated plants.
BOX fingerprint profiles of randomly picked colonies confirmed that the inoculated Methylobacterium sp.
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Cp3 indeed was present in surface-sterilised macerated seeds, and that it was alive and actively
growing (Figure S1).

2.3. Establishment of Methylobacterium sp. Cp3 in Plant Tissue in Presence of Trace Metals

Confocal laser scanning microscopy was used to study where and how strain Cp3-mCherry
is colonising C. pumila. As can be observed from Figure 3, radicles of inoculated seeds were
intensively colonised by Cp3 10 days after inoculation when exposed to the trace metals Cd and
Zn. More specifically, a biofilm of bacterial cells can be observed on the root surface and root hairs
(Figure 3). Interestingly, tagged Cp3 also was detected as endobacterium inside root cortex cells in
extreme dense colonisation (Figure 4A–C). In addition, xylem vessels were colonised with lower
numbers of bacteria, mainly solitary cells, as demonstrated using three-dimensional (3D)-volume
rendering (Figure 5). During these microscopic analyses, higher numbers of tagged cells were observed
in roots in comparison to stems. This was confirmed after isolating tagged cells from surface sterilized
plant tissues (Figure S2). The number of CFU of mCherry-Methylobacterium sp. Cp3 cells in roots was
3.2 × 106 ± 0.1, in comparison to 0.17 × 106 ± 0.01 in stems of C. pumila.

Figure 3. Confocal microscopy picture in the red-channel with mCherry-tagged Methylobacterium sp.
Cp3 lining the root hair surface of Crotalaria pumila in medium supplemented with Zn and Cd.

Figure 4. Confocal images of combined m-Cherry fluorescence (red) and plant autofluorescence (green)
showing root colonisation by Methylobacterium strain Cp3. Maximum intensity projection (A) and
volume rendering (B,C) where Cp3-mCherry is localized intracellularly in root cortex of Crotalaria pumila.
Confocal stack thickness is 58 μm and was acquired with the Ultra VIEW VoX (PerkinElmer, Zaventem,
Belgium) using the CFI Plan Apochromat VC objective 20.0 × 0.75. Z-step was 1 μm. Three-dimensional
models were created with the software Amira 6.0.1 (FEI software, Hillsboro, OR, USA).
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Figure 5. Confocal images with combined mCherry fluorescence (red) and plant autofluorescence
(green). Volume rendering (A–C) of Methylobacterium sp. Cp3-mCherry colonising the xylem vessels in
the stem of Crotalaria pumila growing in medium supplemented with Zn and Cd. White arrows indicate
strain Cp3. Confocal stack has a thickness of 54 μm, acquired with a Ultra VIEW VoX (PerkinElmer)
using the CFI Plan Fluor objective 40.0 × 0.75. Z-step was 1 μm. Three-dimensional models were
created with the software Amira 6.0.1 (FEI software, Hillsboro, OR, USA).

2.4. Strain Cp3 Inoculation Improves Seed Germination and Plantlet Survival under Cadmium Stress

To assess whether strain Cp3 influences the germination of C. pumila seeds, surface-sterilised seeds
were inoculated with 106 CFU mL−1. This treatment resulted in a significantly higher germination rate
in the inoculated seeds (90 ± 2.6%) when compared to the control (75 ± 6.3%) (t-test, p < 0.05, n = 50).
Moreover, at five days after the start of germination, radicles of inoculated seedlings were significantly
longer (1.8 ± 0.3 cm) than radicles of non-inoculated seedlings (1.2 ± 0.12 cm) (t-test, p < 0.05, Figure 6).
To assess whether colonisation by Cp3 also protects the plantlets against Cd and Zn stress, inoculated
and non-inoculated seeds were sown on a trace metal contaminated soil. After 10 days, the percentages
of survival were determined: strain Cp3 inoculated seedlings had a significantly higher survival rate
(95 ± 4.8%) than those that were not inoculated (68 ± 2.3%). At the end of the experimental period
(60 days after transplantation), the inoculated plants produced higher amounts of both fresh and
dry biomass (863 ± 66.3 and 94 ± 9.7 mg per plant, respectively) than plants without inoculation
(503 ± 42.6 mg of fresh and 61 ± 8.9 mg of dry biomass), demonstrating that strain Cp3 indeed has
protective effects for plants under trace metal exposure (t-test, p < 0.05).
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Figure 6. Control seedlings of Crotalaria pumila (A) and seedlings inoculated with Methylobacterium sp.
Cp3 (B) at five days after start of germination. Percentage of germination (C); survival rate (D); and,
fresh (E) and dry biomass (F) of inoculated and non-inoculated plants. * significant difference between
treatments according to t-test (p < 0.05), mean ± standard deviation.

2.5. Genes Related to Cadmium Tolerance, Plant Colonisation and Plant-Growth Promotion

In the 5.72 Mb draft genome of Methylobacterium sp. Cp3, several genes that were related to
plant-growth promotion were found including IAA production, acetoin production, and ACC-deaminase
(ACCD). The presence of two homologues of indole acetamide hydrolase suggest that the biosynthesis
of auxin occurs via the indole-3-acetamide pathway. A homologue of the butanediol-dehydrogenase
enzyme (adh) was present, and in vitro tests confirmed the production of (R,R)-2,3-butanediol
via (R)-acetoin, both important volatile plant hormones. One gene coding for ACCD was detected,
which could improve plant growth under stress conditions. In vitro assays for these PGP traits
proved that the genes are functional and can be expressed. Furthermore, the strain Cp3 genome
contains three copies of the leucyl aminopeptidase (pepA) involved in seed germination protein
turnover. Several genes with a role in carbohydrate metabolism were found (272 CDS, Figure 7),
including genes involved in xylan degradation, cellulose degradation, D-mannose, galactose, glucose,
glycogen, L-arabinose, trehalose, and xylose degradation; these sugars are important components
in plant seeds. Also Biolog GN2 plates inoculated with strain Cp3 confirmed the utilisation of
D-mannose, D-galactose, D-glucose, glycogen, L-arabinose, and D-trehalose in addition to the use of
methyl pyruvate, and carboxylic acids like acetic acid, formic acid, β- and γ-hydroxybutyric acid,
α-ketogluaric acid, D,L-lactic acid, malonic acid, propionic acid and succinic acid, the amide succinamic

205



Int. J. Mol. Sci. 2018, 19, 291

acid, and the amino acids, and L-asparagine and L-aspartic acid. Amino acid transport and metabolism
account for a total of 447 CDS of the annotated ones in the genome (Figure 7). Interestingly, also several
genes coding for enzymes that are involved in superoxide radical degradation are present including
five catalases and two superoxide dismutases sodB and sodC. Strain Cp3 also possesses 24 genes
involved in metal tolerance, such as copper resistance protein CopZ, and several metal transporters,
including metal ABC permeases, heavy metal RND transporters in addition to resistance and binding
proteins, arsenate reductase, and arsenite oxidase operon. Plating on minimal medium supplemented
with high concentrations of trace metals showed that Cp3 is tolerant to 2 mM Cd, 5 mM Zn, 0.5 mM Pb,
and 0.4 mM Cu. Furthermore, genes coding for the methanol dehydrogenase and methanol oxidation
system are present, which allows the strain to use methanol, an 1-C compound, as sole source of
energy. Genes that encode for proteins involved in photosynthesis were located, including bacterial
light-harvesting complex (one gene), photosynthetic reaction center (two genes), as well as biosynthesis
of chorophyll (four genes), bacteriochlorophyll (10 genes), and carotenoids (10 genes). To confirm the
presence of the photosystems we recorded the absorbance and emission fluorescence spectra of strain
Cp3 grown under light and dark regime. We observed a strong absorbance at 360 nm, and using this
wavelength as excitation, we recorded several emission peaks, one at 450, at 520, and 650, and a smaller
one in the near infrared 820 nm (Figure S3). These wavelengths can correspond to bacteriochlorophyll
and the ability to perform aerobic anoxygenic photosynthesis.

Figure 7. COG classification of the CDS of Methylobacterium sp. Cp3.

Methylobacterium Cp3 is a dominant member of the C. pumila seed endophyte community, so its
genes and genomic content potentially contribute significantly to the total seed microbiome function.
Hence, we used Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt) to explore the metagenome functional content of C. pumila seeds. Metabolic functions of
bacterial 16S rRNA genes in Methylobacterium were the most abundant and predicted for 47.0% of the
genome (Figure 8). Within these functions, at level 2, the most dominant processes were related to
carbohydrate metabolism (20.6%), amino acids (20.2%), and energy metabolism (11.5%), with the latter
possessing genes coding for enzymes involved in carbon fixation, methanol and nitrogen metabolism.
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Figure 8. Predicted metabolic functions of Methylobacterium, the dominant member of the seed
endophyte core microbiome of Crotalaria pumila across three generations.

3. Discussion

In this study, we examined the seed endophyte microbiome of C. pumila and investigated the
manner of plant colonization of a representative Methylobacterium sp. (strain Cp3), in addition to
the study of its ability to influence seed germination and seedling growth. The systemic approach
followed here, from characterization of the seed microbiome in the field using 454 pyrosequencing,
to in plantae colonization tests under non-sterile conditions, and in gnotobiotic conditions using
confocal microscopy, seed-inoculation experiments, and genetic and phenotopytic characterization
of strain Cp3, allowed for an integrated and holistic picture of the seed endophyte microbiome of
C. pumila and the origin, colonisation, and behavior of one of its predominant seed endophytes.

The results showed the steps of the colonisation by strain Cp3: entrance from the sand
substrate into plant root tissues, migration to the aboveground plant tissues through the xylem
vessels, and finally establishment in the seeds. This process of plant colonisation by endophytes
has been suggested previously by Compant et al. [17] and Truyens et al. [18]. However, in this
work, the mentioned process was demonstrated taking into account conditions of metal exposure.
Although other seed endophytes of Crotalaria could be studied more in detail, Methylobacterium
attracted our attention because it was a highly abundant taxon in the seeds of C. pumila growing on
a mining site, and was consistently present over three seed generations. Hence, we hypothesize that
this microorganism plays an important role for the plant, for example in protecting young seedlings
from metal stress. In other studies, Methylobacterium has been reported as a coloniser of plant leaf
surfaces, but also as an endophyte of diverse plant species growing on metal containing substrates,
which might confirm our hypothesis [19–21].

The core microbiome of a plant is considered as being a group of microorganisms shared among
plants of a population under study; changes occurring over time should be taken into account to define
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the core microbiome [22]. In this work, we defined the seed core microbiome of C. pumila, taking into
account both aspects, a population of plants colonising metal ore mining residues and changes across
three consecutive years (Figure 1). Methylobacterium was found as the taxon dominating the seed core
microbiome of this pioneer plant species colonising metal-contaminated mine residues (Figure 1).
The structure of the core microbiome suggests that they are not random guests in the plant habitat;
they seem to play essential roles, interacting with the plant host, and influencing plant physiology,
as suggested by Gaiero et al. [23]. Especially the seed endophytic microbiome can be considered to
be a key player during the acclimatisation to local conditions [22]. Recently, using 16S rRNA gene
amplicon sequencing of seed samples, Truyens et al. [14] identified a small subset of the A. thaliana seed
microbiome that is conserved across generations. Functional traits of the microbiome (IAA production
and ACCD activity) were found to be more important than genotypes for subsequent bacterial seed
community composition [14].

According to the results obtained in this work, the core microbiome of C. pumila seeds holds genes
that are related to nitrogen fixation, photosynthesis, and methanol metabolism (Figure 8). We observed
genes for nitrogen fixation in our strain, previously others have described that Methylobacteria
contain nitrogen-fixation related genes which might contribute to ammonium provision to its host
plant [24]; therefore, strain Cp3 can supply nitrogen to its host plant C. pumila when growing on
metal-contaminated mine residues. The presence of methanol metabolism related genes, especially
in the case of Methylobacterium (Figure 8), represents a potential advantage for the core microbiome.
During plant colonisation, methylotrophic endophytes can take advantage of the methanol that is
released by plants and use it as an additional energy source [19]. Therefore, colonisation of the
host plant is more efficient in comparison to other plant-associated bacteria [25]. In turn, the core
microbiome provides beneficial plant interactions; Abanda-Nkpwatt et al. [26] demonstrated that
M. extorquens strains can sustain themselves using the methanol released by the host plant and
simultaneously improve the growth of the seedlings. The prediction of functions indicated that Cp3
can perform aerobic anoxygenic photosynthesis, and this is in line with earlier reports that mentioned
that Methylobacterium contains core genes that are related to photosynthesis, including those encoding
for the light-harvesting complex [27], and those involved in the synthesis of bacteriochlorophyll and
carotenoids [28]. Some authors mentioned that the carotenoid pink pigment, which is characteristic of
Methylobacteria, is also associated with resistance to reactive oxygen species and UV light [29–31].
As a dominant member of the core microbiome (Figure 1) and taking into account the functional
potential of Methylobacterium (Figure 8), it is expected that this methylotrophic seed endophyte
provides its host plant multiple plant growth promotion benefits during germination and growth
on metal mine residues. These findings, methylotrophic metabolism, involvement in phytohormone
synthesis, metal-tolerance, and photosynthesis, may explain the relatively high abundance and
transmission of Methylobacterium in C. pumila seeds and the success of both, the endophyte and
its host, in harsh conditions.

Results obtained in this work demonstrated that Methylobacterium sp. Cp3 can be transmitted
from a soil substrate to the seeds (Figure 2). The soil, besides providing nutrients, water, and imposing
potential stressors to plant growth (in this case metals), is also an important reservoir for endophytic
bacteria, including seed endophytes, which are recruited from this pool [32–35]. Previously, it has been
reported that Methylobacteria can colonise roots of different plant species [36,37], and also stems and
leaves [38,39]. As also mentioned by Araújo et al. [40], the initial step in the colonisation process seems
to be the formation of biofilms on roots and on root hairs. Subsequently, the entrance into root cells
occurs, as it has been demonstrated, that proliferating root hairs and side roots are important entry
points for endophytic colonisation [41–43]. In this study, we present evidence that Methylobacterium sp.
Cp3 not only colonises roots (Figure 3), and thereby protects C. pumila locally from stress when growing
in a metal-contaminated substrate, but that the studied strain spreads systemically through the plant
through the xylem (Figures 4 and 5) and also ends up in the seeds in order to protect future generations
of C. pumila plants from metal toxicity.

208



Int. J. Mol. Sci. 2018, 19, 291

As a mutualistic symbiont, Methylobacterium sp. Cp3 used in this work, was shown to be tolerant
to metals (5 mM Zn, 2 mM Cd, 0.4 mM Cu), able to solubilize phosphate and to produce plant
hormones (IAA) (which can promote plant growth), and to produce ACCD (which can decrease
stress of their host) [44]. However, it remains to be investigated whether Methylobacterium sp. Cp3
possesses anti-fungal properties or can act as a bio-control agent in C. pumila seeds, besides protection
against metal-stress and promotion of plant growth. Altogether, the functional analyses suggest that
Methylobacteria possess traits that assist them to survive in the metal contaminated mine residues in
the semi-arid area of Zimapan (Mexico), and have multiple traits to help plant growth and development.
Therefore, from a plant perspective, the most tolerant bacterial phenotypes are primarily recruited
from the original environment from which microbes can be selected.

It has to be noted that despite the participation of seed endophyte Cp3 in the establishment of its
host plant, the mechanisms of metal tolerance of the plant itself still remain unclear. Since C. pumila is
reported to possess high antioxidant activity [45,46], it is logical to think that such characteristics might
result helpful in a metal contaminated environment as well. However, this mechanism is studied
only from a medicinal point of view, the antioxidant activity of C. pumila in metal tolerance can be
investigated in the future.

To the best of our knowledge, the present study is the first in which a seed endophyte was
observed colonising the stem xylem vessels in the presence of metal stress as environmental variable
(Figures 5 and 6), suggesting that the exposure of the host plant to metals promotes the migration of
specific endophytes to the aboveground plant parts. In several other studies, bacterial strains isolated
from the rhizosphere [47,48], and some endophytes from stems [49–51] and seeds [52–54] were shown
to colonise the internal root and shoot tissues (including cortex and xylem) under control conditions.
Using gfp-tools and under metal exposure conditions, Zhang et al. [55] reported that labelled root
endophytes of Sedum alfredii (Burkholderia and Variovorax) were observed inside the root cortex, but no
colonisation of plant vascular system was reported. In addition, according to the criteria of a real
endophyte, as defined by Schulz and Boyle [56], we conclude that Methylobacterium sp. Cp3 is a real
endophyte. It was originally isolated from surface sterilised seeds of C. pumila, inoculated to plantlets
of its host plant species, it was observed colonizing inner plant tissues (Figures 4–6) and could be
re-isolated (Figure S2).

Both plant species used during this study, C. pumila [16,44] and A. thaliana [13,14], have been
shown to contain endogenous endophytic Methylobacteria, which were able to survive strong seed
sterilisation. We found that three times inoculation of Methylobacterium sp. Cp3 at the roots during the
flowering phase, is effective to enrich seeds with desired Methylobacterium strains, and importantly
without causing any harm to the host plants. Our results imply that the soil is an adequate route to
augment bacteria in seeds, which might have important consequences for geographic influences on
seed stock production, crop growth, and exploiting this property for generating bacteria-fortified seeds.
Because soils are much richer in bacteria, the importance of the stage of inoculation will have to be
investigated more in depth in forthcoming studies. Migration kinetics during seed development should
be investigated too. Moreover, the transfer of endophytes from seeds to soil was recently demonstrated
in the case of maize [57]; thus, inoculation of a substrate by endophytes from germinating seeds can
occur, and endophytes may be recruited by neighbouring plants. This process is highly important
when studying colonization of neglected or contaminated soils by pioneer plant species.

To date, endophytes via flower pathway and exogenous seed coating [58,59], are in use to
produce better seeds [60,61] and to reduce the incidence of pathogens and pests [62,63]. In our study,
the seeds of C. pumila naturally enriched with Methylobacterium can be an important resource for
endophyte-enhanced phytoremediation and the reclamation of metal contaminated soils, as well
as inoculant for agricultural crops growing on metal contaminated soils. The developments in
new generation sequencing technologies and declining prices have already enabled the study of
transgenerational seed-endophyte association in maize [52], wheat [64], and A. thaliana [14]. A better
knowledge about the overall natural plant associates (diversity, function, and interactions) is thus
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a good starting point to explore features of other seed endophytes, and intrinsic interactions of plants
and their associated microbiomes.

4. Materials and Methods

4.1. Crotalaria pumila Seed Core Microbiome Analyses

The generation of the 16S rRNA gene amplicon pyrosequencing data used for the core seed
microbiome analyses was described in our previous study [16]. The data are available under accession
number SRP080874 (GenBank, NCBI, https://www.ncbi.nlm.nih.gov/sra/SRX1998247[accn]). Briefly,
closed pods of C. pumila were collected from field conditions from at least 40 different individual plants,
in laboratory pods were open and unripen and damaged seeds were eliminated. Then, seeds were
surface sterilized by washing with phosphorus free detergent and tap water, immersion in NaClO
0.1% solution supplemented with 0.1% Tween 80 for 10 s, and finally rinsed in sterile deionized
water (8 × 100 mL). Sterilization was confirmed by plating 100 μL of the last rinsing water on solid
medium [16] and by running a PCR on the last rinsing water [14]. Genomic DNA used for the
pyrosequencing was extracted from 150 mg of surface sterilized C. pumila seeds, and then subjected to
PCR reactions using primers 799F and 1391R, according to the conditions reported previously [16].

The C. pumila seed core microbiome was determined using Quantitative Insights Into
Microbial Ecology (QIIME) and was defined as the phylotypes consistently present in at least
50% of the samples (n = 12 samples, four per year) across three consecutive seed generations.
Gene prediction with Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt) was applied to predict the functional content from the 16S rRNA dataset of the core
microbiome [65]. Function predictions were categorized on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) classification.

4.2. Methylobacterium Cp3 Isolate Sanger Sequence

Methylobacterium Cp3 was previously isolated from C. pumila seeds [44]. Blast search was performed
using 16S rRNA gene Sanger sequences of Methylobacteria isolates and the 454 pyrosequencing data,
to determine the closest culturable representative of Methylobacteria in the seed microbiome using
Blast after sequences were quality trimmed and aligned in Geneious v 4.8.5. The 16S rDNA gene
sequence of Methylobacterium sp. Cp3 was Sanger sequenced before and the sequence was deposited in
Genbank with accession number KX056917.

4.3. Plant Colonisation Experiment

A pot experiment was performed using A. thaliana (ecotype Columbia-0) and Methylobacterium sp.
Cp3. Seeds were sown in pots with quartz sand (particle size of 0.4–0.8 mm) in the greenhouse at
22/18 ◦C day/night temperature, with a photoperiod of 14 h, relative humidity of 60%, and plants were
supplied regularly with 1/10 diluted Hoagland nutrient solution [66]. At the moment of appearance
of the inflorescence stem, the plants were inoculated for the first time with Methylobacterium sp. Cp3.
To avoid contact with, and thus inoculation of, the inflorescence 2 mL of an exponentially grown
Methylobacterium sp. Cp3 culture (109 cells mL−1 of Hoagland solution) were added carefully with
a pipet to the root zone of each plant. Subsequently, once a week for the next two weeks, the plants
received a second and third inoculation in the same way as the first one. Aracons with plastic
transparent flower sleeves were placed over single plants at the time of inoculation, so that all plant
inflorescences were maintained within a sleeve to avoid cross-pollination. When flowering was
complete, no more Hoagland solution was given. Seeds were harvested when the soil and plant
inflorescence were dry. The seeds were shaken off the plants in a bag, and sieved to separate them from
the chaff. Non-inoculated control plants were grown under the same conditions but instead of bacterial
inoculum, they were watered with the same amount of 1/10 Hoagland solution. The experiment was
performed with 50 plants per condition.

210



Int. J. Mol. Sci. 2018, 19, 291

4.4. Seed Sample Preparation and DNA-Extraction

Arabidopsis thaliana seeds were rinsed and surface sterilised prior to DNA-extraction to remove
surface contamination. Briefly, 300 mg of seeds (per sample) were washed for 1 min in sterile deionized
H2O followed by 1 min in 1% NaClO, and 5 × 5 min in sterile deionized H2O. Subsequently, the surface
sterilized seeds were homogenized in 2 mL sterile 10 mM MgSO4 using a mortar and pestle, and frozen
at −80 ◦C until DNA-extraction. DNA was extracted using the Invisorb Spin Plant Mini Kit (Invitek,
Berlin, Germany). In the first step, two stainless steel beads were added to each sample and ground
using the Retsch Mixer Mill MM400 (Retsch, Haan, Germany) for 2 × 1 min at maximum frequency
(30/s). Subsequently, lysis buffer was added to the homogenised samples, and the standard protocol
according to manufacturer’s instructions was followed thereafter. For each condition, five biological
replicates were prepared.

4.5. Specific Automated Ribosomal Intergenic Spacer Analyses (ARISA)

To monitor the fate of Methylobacterium sp. Cp3 in A. thaliana tissues during colonisation,
Methylobacterium-specific ARISA was used. For the PCR assay, primer 1319fGC20 (5′ GCC CCC
CGC CCC CGC CGC CCA CTC GRG TGC ATG AAG GCG G 3′) and 45r (5′ GAC GGG ATC GAA
CCG ACG ACC 3′) were used [67]. The primers amplify a variable PCR product from a partial
fragment of the 16S rRNA gene and the 16S–23S intergenic spacer region as the 45r reverse primer
binds to tRNAALA gene, upstream of the 23S. The generated PCR products have different lengths
for different species, between 440 and 810 bp [67], which allows for the discrimination of the
inoculated Methylobacterium sp. Cp3 strain and resolving the overall Methylobacterium community
composition. In addition to Methylobacterium-specific ARISA, the bacterial 16S–23S ITS DNA was also
amplified with general bacteria primers S-D-Bact-1522-b-S-20 (5′ TGCGGCTGGATCCCCTCCTT 3′)
and L-D-bact-132-a-A-18 (5′ CCGGGTTTCCCCATTCGG 3′) [68]. Briefly, each PCR reaction contained
1× High Fidelity PCR-buffer (Invitrogen, Carlsbad, CA, USA), 2 mM MgSO4, 0.2 mM of each
dNTP, 0.2 μM of each primer, and 1 μL of DNA (1–10 ng per μL), in 25 μL total reaction volume.
Cycling conditions for the general bacteria primer pair consisted of a hot start at 94 ◦C for 3 min and
35 subsequent cycles consisting of 94 ◦C for 1 min, annealing at 55 ◦C for 30 s, elongation at 72 ◦C for
1 min, and final elongation step at 72 ◦C for 5 min. Amplification conditions for the Methylobacterium
specific primers were similar, except that an annealing temperature of 69.5 ◦C was used, after six cycles
of touchdown from 72 ◦C with a 0.5 ◦C temperature decrease for each cycle.

Amplified reaction mixtures were loaded onto DNA-1000-chips that were prepared, according to
the manufacturer’s recommendations, and size sorting of the PCR amplicons was performed
on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Expert Software
(Agilent Technologies) was used to digitalize the ARISA fingerprints, resulting in electropherograms
in ASCII formats that were processed using the StatFingerprints package [69], in the 2.13.0 version
of the R project (The R Foundation for Statistical Computing, Vienna, Austria). Peaks of the same
size were grouped together. Correct assignment of the peaks was verified by visual inspection of the
chromatograms. The manually corrected procedure allowed deciphering whether peaks of different
samples, correctly matched the Methylobacterium sp. Cp3 unique fragment.

4.6. Isolation of Methylobacteria and BOX-Fingerprint Analysis

The seeds from the inoculated and non-inoculated control A. thaliana plants were surface
sterilized during 0.5 min in 0.1% NaClO supplemented with 0.1% Tween 80 and rinsed thoroughly
in sterile deionized water. Seed endophytes were isolated by crushing 50 mg seeds in 500 μL
10 mM MgSO4. Dilutions of 0 to 10−2 were plated onto 284 medium [70], and incubated in the
presence of 1% methanol in a gas-tight containers during 1 week at 25 ◦C. For each pink-pigmented
colony appearing, six representative colonies were chosen for BOX-fingerprint analysis. Briefly,
DNA was extracted using the DNeasy 96 Blood and Tissue Kit (Qiagen, Venlo, The Netherlands).
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A BOX-PCR was used to generate length-variable PCR products using the protocol of Weyens et al. [70].
Fingerprints were visualised under UV illumination on a gel with 1.5% agarose, and gel red nucleic
acid stain. Fingerprint band patterns of the isolated colonies and Methylobacterium sp. Cp3 were
compared through visual inspection.

4.7. Confocal Microscopy Analyses

Strain Cp3 was equipped with the mCherry plasmid [71] using a triparental conjugation with
E. coli DH5A as donor strain, and E. coli PRK 2013 as helper bacterium. Briefly, the three strains were
mixed in equal volumes and were pipetted on a 0.4 μm Isopore™ membrane filters (Millipore, Billerica,
MA, USA) on an LB medium plate. After overnight incubation, the cells were washed from the
filter and plated on 284 medium with tetracycline. Pink colonies growing on the selective plate were
picked up, and checked for fluorescence using a Nikon epifluorescence microscope (Nikon Eclipse 80i,
Nikon Instruments Inc., Melville, NY, USA).

Crotalaria pumila seeds used for the colonisation assay were collected from metal-contaminated
mine residues [15]. In order to increase and homogenize the germination rate, seeds were submerged
for 30 min in concentrated H2SO4 [72], subsequently rinsed eight times with sterile distilled water and
were surface sterilized according to Sánchez-López [44]. Methylobacterium mCherry-labeled inoculum
was grown in 1/10 diluted 869 liquid medium; subsequently, the culture was washed with MgSO4

10 mM, centrifuged at 2000 rpm for 10 min and resuspended in sterile distilled water. 1 mL of inoculum
(107 CFU mL−1) was spread on the sterile Petri dish on which seeds were germinating. After 72 h,
seedlings were sufficiently developed, and were placed to grow in a gnotobiotic system in vertical agar
plates (VAP) using 50-fold dilution of Gamborg’s B5 sterile medium and in the presence of 0.2 mM Cd
(CdSO4) and 0.4 mM Zn (ZnSO4) [73]. Two days later, a second inoculation of the roots was performed
(1 mL of 107 CFU mL−1 solution). Plants were kept on VAP for in total 10 days and exposed.

Sections of the root, root hairs, and stem were hand cut; subsequently, the outer layer was carefully
removed to avoid smearing the bacteria from outside. Longitudinal, transversal, and leaned sections
were made and placed on glass plates with coverslip. Z stacks (1 μm) of samples were collected
using a spinning disk confocal laser microscope Ultra VIEW VoX, PerkinElmer (Zaventem, Belgium).
An excitation wavelength of 561 nm (red) was used for mCherry, and 405 (Dapi) for plant cell wall
structures. Lenses used for image acquisition included a 40× CFI Plan Fluor lens (numerical aperture
of 0.75; working distance of 0.72 mm) and a 20× CFI Plan Apochromat VC lens (numerical aperture
of 0.75, and working distance of 0.72 mm). Images were taken using a Hamamatsu C9100-50 camera
(Hamamatsu Photonics K.K., Hamamatsu, Japan).

In order to verify the endophytic colonisation, mCherry tagged bacterial cells were isolated
from surface sterilized root and stem sections. Three 1 cm long segments of both roots and stems,
from seedlings grown on VAP with and without metals were surface sterilized, as follows: 30 s
immersion in 70% (v/v) ethanol solution, then 1 min in 1% active chloride solution supplemented
with Tween 80 (1 droplet per 100 mL solution), and rinsed eight times with sterile distilled water.
To verify the effectiveness of the sterilization protocol, 100 μL of the last rinsing water was plated
on 1/10 diluted 869 medium. Subsequently, tissues were crushed using a sterile mortar and pestle
containing 3 mL of 10 mM sterile MgSO4. 100 μL aliquots of the suspension and from the 1/10 and
1/100 dilutions were plated on 1/10 diluted 869 medium supplemented with 0.4 mM Cd and 0.5 mL
of tetracycline per liter of medium (10 mg tetracycline mL−1 of methanol). The plates were incubated
at 28 ◦C for two days, after which the numbers of CFU were determined.

4.8. Image Processing and Three-Dimensional (3D) Visualisation

The confocal pictures were analyzed using ImageJ software and Amira 3D visualisation software
version 6.1.0 (FEI Visualisation Sciences Group, Hillsboro, OR, USA). The plant autofluorescence
recorded at 405 nm was pseudocolored in green and the mCherry channel (561 nm) was put in red.
3D renderings were created using a volume-rendering visualisation technique (Voltex), based on the
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emission-absorption of light in every voxel in the stack. Different color maps were then assigned to
each channel to distinguish individual fluorescent signals.

4.9. In Vitro Plant Growth Promotion Traits Detection

The production of ACCD by strain Cp3 was detected, according to a previously described
method [74]. The production of IAA was examined when the strain was grown in a minimal salts
medium supplemented with 0.5 mg mL−1 tryptophan and was detected by the Salkowski’s reagent
reaction [75]. The isolate was screened on National Botanical Research Institute’s phosphate growth
solid medium to determine phosphate solubilisation ability [76]. The ability of strain Cp3 to produce
siderophores was checked according to the chrome azurol-S assay [77]. Nitrogen-fixing capacity
was tested in a semi-solid malate-sucrose medium with bromothymol blue as a pH indicator [78].
The same medium supplemented with 0.12 g L−1 NH4Cl was used as a positive control. To detect if
the isolate produce acetoin the protocol proposed by Romick and Fleming [79] was used. Trace metal
tolerance was evaluated by measuring the minimal inhibitory concentration of different heavy metal
ions (ZnSO4, CdSO4, CuSO4, NiCl2, Pb(NO3)2) in 284 liquid selective medium pH 7 [70], incubated at
28 ◦C for five days.

4.10. Genome Sequencing, Assembly and Annotation

Strain Cp3 was inoculated into 10 mL of LB medium and grown at 30 ◦C for 3 days. Cells were
collected by centrifugation and used for genomic DNA extraction using the Qiagen Blood and tissue
kit (Qiagen) prior to digesting and ligating sequencing adaptors/barcodes using an Ion Xpress
Plus Fragment Library Kit (Thermo Fisher Scientific, Waltham, MA, USA). Processed DNA was
size-selected (480 bp) on a 2% E-Gel SizeSelect agarose gel and purified using Agencourt AMPure
XP beads (Beckman Coulter, Brea, CA, USA). The library dilution factor was determined using
an Ion Universal Library Quantitation Kit prior to amplification and enrichment with an Ion PGM
Hi-Q Template OT2 400 Kit on an Ion OneTouch 2 System. The enriched Ion Sphere Particles were
quantified using an Ion Sphere Quality Control Kit. Sequencing was performed on an Ion 316
Chip v2 (Ion PGM System) with an Ion PGM Hi-Q View Sequencing Kit (Thermo Fisher Scientific).
Reads were assembled using SPAdes v3.8.2 (uniform coverage mode; k-mers = 21, 33, 55, 77, 99,
127). Genes were predicted using RAST [80], according to the databases GO, COB, and KEGG.
Further annotation was performed using MetaCyc [81] and in the MicroScope platform, under locus
tag Methylobacterium extorquens Cp3 (METCP3). The draft genome sequence was deposited into NCBI
with the accession number MNAO00000000.

5. Conclusions

In conclusion, we found that Methylobacteria are important members of the C. pumila seed core
microbiome and that the plant growth promoting Methylobacterium sp. Cp3 can be trans-generationally
transmitted, indicating that seeds offer a significant potential for the discovery of vertically transmitted
endophytic strains that are important for the growth of next generations of their host plants.
Methylobacterium sp. Cp3 was able to move from the soil to seeds, when inoculated in the substratum
during plant flower development. Interestingly, the studied bacterial strain colonised its host plant
via xylem vessels in case of metal exposure through the growth medium and improves seedling
growth. Future experiments using a similar approach to identify other systemic endophytes will be
valuable tools to increase our knowledge about natural seed endophytes, and whether and how they
are vertically transmitted. In addition, further research can focus more on the actively transcribed
phenotypic properties of the core microbiome (seed metatranscriptome) and produced compounds
(seed metabolome), time-point of entry, and characterising both soil and fungal seed-communities
trans-generationally to confirm the links.

213



Int. J. Mol. Sci. 2018, 19, 291

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/1/291/s1.

Acknowledgments: This research was supported by a BOF-BILA grant from Hasselt University, the UHasselt
Methusalem project 08M03VGRJ. We sincerely thank Roland Valcke (UHasselt) for performing the bacteriochlorophyll
measurements. We thank Nele Weyens for assistance in sample preparation for the confocal microscopy imaging.

Author Contributions: The experimental performance and elaboration of this manuscript was possible
only through the input of different research fields. Jaco Vangronsveld and Carmen González-Chávez
thoroughly added their profound knowledge about plant-microbe interactions during phytoremediation of
metals. Rogelio Carrillo-González contributed with his expertise in the behavior and fate of metals in the
environment. Isabel Pintelon and Jean-Pierre Timmermans provided confocal laser microscope facilities, technical
and operational guidance and performed images acquirement. Valeria Imperato was profoundly involved in the
experimental part with A. thaliana plants. Vincent Stevens helped performing the records of fluorescence and
absorbance of the studied strain, and helped in the bioinformatics analysis. Jonathan Van Hamme provided the
facilities, instruments and guidance for the genome sequencing of Methylobacterium. Ariadna S. Sánchez-López
and Sofie Thijs conceived and designed the experiments and performed the evaluation of results. All authors read
and approved the final version of the manuscript to be published.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Tóth, G.; Hermann, T.; Da Silva, M.R.; Montanarella, L. Heavy metals in agricultural soils of the European
Union with implications for food safety. Environ. Int. 2016, 88, 299–309. [CrossRef] [PubMed]

2. Zhang, X.; Zhong, T.; Liu, L.; Ouyang, X. Impact of soil heavy metal pollution on food safety in China.
PLoS ONE 2015, 10, e0135182. [CrossRef] [PubMed]

3. Sessitsch, A.; Puschenreiter, M. Endophytes and rhizosphere bacteria of plants growing in heavy
metal-containing soils. In Microbiology of Extreme Soils Volume 13; Dion, P., Nautiyal, C.S., Eds.; Springer:
Berlin/Heidelberg, Germany, 2008.

4. Mench, M.; Lepp, N.; Bert, V.; Schwitzguébel, J.P.; Gawronski, S.W.; Schröder, P.; Vangronsveld, J. Successes
and limitations of phytotechnologies at field scale: Outcomes, assessment and outlook from COST Action
859. J. Soils Sediments 2010, 10, 1039–1070. [CrossRef]

5. Sessitsch, A.; Kuffner, M.; Kidd, P.; Vangronsveld, J.; Wenzel, W.W.; Fallmann, K.; Puschenreiter, M. The role
of plant-associated bacteria in the mobilization and phytoextraction of trace elements in contaminated soils.
Soil Biol. Biochem. 2013, 60, 182–194. [CrossRef] [PubMed]

6. Thijs, S.; Langill, T.; Vangronsveld, J. The bacterial and fungal microbiota of hyperaccumulator plants: Small
organisms, large influence. Adv. Bot. Res. 2017, 83, 43–86.

7. Visioli, G.; D’Egidio, S.; Sanangelantoni, A.M. The bacterial rhizobiome of hyperaccumulators: Future
perspectives based on omics analysis and advanced microscopy. Front. Plant. Sci. 2015, 5. [CrossRef]
[PubMed]

8. Kidd, P.S.; Álvarez-López, V.; Becerra-Castro, C.; Cabello-Conejo, M.; Prieto-Fernández, Á. Potential role of
plant-associated bacteria in plant metal uptake and implications in phytotechnologies. Adv. Bot. Res. 2017,
83, 87–126.

9. Kidd, P.; Barceló, J.; Bernal, M.P.; Navari-Izzo, F.; Poschenrieder, C.; Shilev, S.; Clemente, R.; Monterroso, C.
Trace element behaviour at the root-soil interface: Implications in phytoremediation. Environ. Exp. Bot. 2009,
67, 243–259. [CrossRef]

10. Weyens, N.; van der Lelie, D.; Taghavi, S.; Vangronsveld, J. Phytoremediation: Plant-endophyte partnerships
take the challenge. Curr. Opin. Biotechnol. 2009, 20, 248–254. [CrossRef] [PubMed]

11. Montalbán, B.; Thijs, S.; Lobo, M.C.; Weyens, N.; Ameloot, M.; Vangronsveld, J.; Pérez-Sanz, A. Cultivar and
metal-specific effects of endophytic bacteria in Helianthus tuberosus exposed to Cd and Zn. Int. J. Mol. Sci.
2017, 18, 2026. [CrossRef] [PubMed]

12. Mastretta, C.; Taghavi, S.; van der Lelie, D.; Mengoni, A.; Galardi, F.; Gonnelli, C.; Barac, T.; Boulet, J.;
Weyens, N.; Vangronsveld, J. Endophytic bacteria from seeds of Nicotiana tabacum can reduce cadmium
phytotoxicity. Int. J. Phytoremediat. 2010, 11, 37–41.

13. Truyens, S.; Weyens, N.; Cuypers, A.; Vangronsveld, J. Changes in the population of seed bacteria of
transgenerationally Cd-exposed Arabidopsis thaliana. Plant Biol. 2013, 15, 971–981. [CrossRef] [PubMed]

214



Int. J. Mol. Sci. 2018, 19, 291

14. Truyens, S.; Beckers, B.; Thijs, S.; Weyens, N.; Cuypers, A.; Vangronsveld, J. Cadmium-induced and
trans-generational changes in the cultivable and total seed endophytic community of Arabidopsis thaliana.
Plant Biol. 2016, 18, 376–381. [CrossRef] [PubMed]

15. Sánchez-López, A.S.; González-Chávez, M.D.C.A.; Carrillo-González, R.; Vangronsveld, J.; Díaz-Garduño, M.
Wild flora of mine tailings: Perspectives for use in phytoremediation of potentially toxic elements in
a semi-arid region in Mexico. Int. J. Phytoremediat. 2015, 17, 476–484. [CrossRef] [PubMed]

16. Sánchez-López, A.S.; Thijs, S.; Beckers, B.; González-Chávez, M.C.; Weyens, N.; Carrillo-González, R.;
Vangronsveld, J. Community structure and diversity of endophytic bacteria in seeds of three consecutive
generations of Crotalaria pumila growing on metal mine residues. Plant Soil 2017. [CrossRef]

17. Compant, S.; Clément, C.; Sessitsch, A. Plant growth-promoting bacteria in the rhizo- and endosphere of
plants: Their role, colonization, mechanisms involved and prospects for utilization. Soil Biol. Biochem. 2010,
42, 669–678. [CrossRef]

18. Truyens, S.; Weyens, N.; Cuypers, A.; Vangronsveld, J. Bacterial seed endophytes: Genera, vertical
transmission and interaction with plants. Environ. Microbiol. Rep. 2015, 7, 40–50. [CrossRef]

19. Dourado, M.N.; Camargo Neves, A.A.; Santos, D.S.; Araújo, W.L. Biotechnological and agronomic potential of
endophytic pink-pigmented methylotrophic methylobacterium spp. BioMed Res. Int. 2015, 2015. [CrossRef]
[PubMed]

20. Idris, R.; Trifonova, R.; Puschenreiter, M.; Wenzel, W.W.; Sessitsch, A. Bacterial communities associated
with flowering plants of the Ni hyperaccumulator Thlaspi goesingense. Appl. Environ. Microbiol. 2004, 70,
2667–2677. [CrossRef] [PubMed]

21. Chen, L.; Luo, S.; Chen, J.; Wan, Y.; Li, X.; Liu, C.; Liu, F. A comparative analysis of endophytic bacterial
communities associated with hyperaccumulators growing in mine soils. Environ. Sci. Pollut. Res. 2014, 21,
7538–7547. [CrossRef] [PubMed]

22. Vandenkoornhuyse, P.; Quaiser, A.; Duhamel, M.; Le Van, A.; Dufresne, A. The importance of the microbiome
of the plant holobiont. New Phytol. 2015, 206, 1196–1206. [CrossRef] [PubMed]

23. Gaiero, J.R.; McCall, C.A.; Thompson, K.A.; Day, N.J.; Best, A.S.; Dunfield, K.E. Inside the root microbiome:
Bacterial root endophytes and plant growth promotion. Am. J. Bot. 2013, 100, 1738–1750. [CrossRef]
[PubMed]

24. De Voogd, N.J.; Cleary, D.F.R.; Polónia, A.R.M.; Gomes, N.C.M. Bacterial community composition and
predicted functional ecology of sponges, sediment and seawater from the thousand islands reef complex,
West Java, Indonesia. FEMS Microbiol. Ecol. 2015, 91, fiv019. [CrossRef] [PubMed]

25. Sy, A.; Timmers, A.C.J.; Knief, C.; Vorholt, J. Methylotrophic metabolism is advantageous for
Methylobacterium extorquens during colonization of Medicago truncatula under competitive conditions.
Appl. Environ. Microbiol. 2005, 71, 7245–7252. [CrossRef] [PubMed]

26. Abanda-Nkpwatt, D.; Müsch, M.; Tschiersch, J.; Boettner, M.; Schwab, W. Molecular interaction between
Methylobacterium extorquens and seedlings: Growth promotion, methanol consumption, and localization of
the methanol emission site. J. Exp. Bot. 2006, 57, 4025–4032. [CrossRef] [PubMed]

27. Marx, C.J.; Bringel, F.; Chistoserdova, L.; Moulin, L.; Farhan Ul Haque, M.; Fleischman, D.E.; Gruffaz, C.;
Jourand, P.; Knief, C.; Lee, M.C.; et al. Complete genome sequences of six strains of the genus Methylobact.
J. Bacteriol. 2012, 194, 4746–4748. [CrossRef] [PubMed]

28. Cervantes-Martínez, J.; López-Díaz, S.; Rodríguez-Garay, B. Detection of the effects of Methylobacterium in
Agave tequilana Weber var. azul by laser-induced fluorescence. Plant Sci. 2004, 166, 889–892. [CrossRef]

29. Sundin, G.W.; Jacobs, J.L. Ultraviolet radiation (UVR) sensitivity analysis and UVR survival strategies of
a bacterial community from the phyllosphere of field-grown peanut (Arachis hypogeae L.). Microb. Ecol. 1999,
38, 27–38. [CrossRef] [PubMed]

30. Umeno, D.; Tobias, A.V.; Frances, H.; Umeno, D.; Tobias, A.V.; Arnold, F.H. Diversifying carotenoid
biosynthetic pathways by directed evolution diversifying carotenoid biosynthetic pathways by directed
evolution. Microbiol. Mol. Biol. Rev. 2005, 69, 51–78. [CrossRef] [PubMed]

31. Mohammadi, M.; Burbank, L.; Roper, M.C. Biological role of pigment production for the bacterial
phytopathogen Pantoea stewartii subsp. stewartii. Appl. Environ. Microbiol. 2012, 78, 6859–6865. [CrossRef]
[PubMed]

215



Int. J. Mol. Sci. 2018, 19, 291

32. Truyens, S.; Beckers, B.; Thijs, S.; Weyens, N.; Cuypers, A.; Vangronsveld, J. The effects of the growth
substrate on cultivable and total endophytic assemblages of Arabidopsis thaliana. Plant Soil 2016, 405, 325–336.
[CrossRef]

33. Bulgarelli, D.; Rott, M.; Schlaeppi, K.; Ver Loren van Themaat, E.; Ahmadinejad, N.; Assenza, F.; Rauf, P.;
Huettel, B.; Reinhardt, R.; Schmelzer, E.; et al. Revealing structure and assembly cues for Arabidopsis
root-inhabiting bacterial microbiota. Nature 2012, 488, 91–95. [CrossRef] [PubMed]

34. Yergeau, E.; Sanschagrin, S.; Maynard, C.; St-Arnaud, M.; Greer, C.W. Microbial expression profiles in the
rhizosphere of willows depend on soil contamination. ISME J. 2014, 8, 344–358. [CrossRef] [PubMed]

35. Croes, S.; Weyens, N.; Janssen, J.; Vercampt, H.; Colpaert, J.V.; Carleer, R.; Vangronsveld, J. Bacterial
communities associated with Brassica napus L. grown on trace element-contaminated and non-contaminated
fields: A genotypic and phenotypic comparison. Microb. Biotechnol. 2013, 6, 371–384. [CrossRef] [PubMed]

36. Omer, Z.S.; Tombolini, R.; Broberg, A.; Gerhardson, B. Indole-3-acetic acid production by pink-pigmented
facultative methylotrophic bacteria. Plant Growth Regul. 2004, 43, 93–96. [CrossRef]

37. Poonguzhali, S.; Madhaiyan, M.; Yim, W.J.; Kim, K.A.; Sa, T.M. Colonization pattern of plant root and
leaf surfaces visualized by use of green-fluorescent-marked strain of Methylobacterium suomiense and its
persistence in rhizosphere. Appl. Microbiol. Biotechnol. 2008, 78, 1033–1043. [CrossRef] [PubMed]

38. Andreote, F.D.; Lacava, P.T.; Gai, C.S.; Araújo, W.L.; Maccheroni, W.J.; van Overbeek, L.S.; van Elsas, J.D.;
Azevedo, J.L. Model plants for studying the interaction between Methylobacterium mesophilicum and
Xylella fastidiosa. Can. J. Microbiol. 2006, 52, 419–426. [CrossRef] [PubMed]

39. Gai, C.S.; Lacava, P.T.; Quecine, M.C.; Auriac, M.C.; Lopes, J.R.S.; Araújo, W.L.; Miller, T.A.; Azevedo, J.L.
Transmission of Methylobacterium mesophilicum by Bucephalogonia xanthophis for paratransgenic control
strategy of Citrus variegated chlorosis. J. Microbiol. 2009, 47, 448–454. [CrossRef] [PubMed]

40. Araújo, W.L.; Santos, D.S.; Dini-Andreote, F.; Salgueiro-Londoño, J.K.; Camargo-Neves, A.A.;
Andreote, F.D.; Dourado, M.N. Genes related to antioxidant metabolism are involved in Methylobacterium
mesophilicum-soybean interaction. Antonie Van Leeuwenhoek 2015, 108, 951–963. [CrossRef] [PubMed]

41. Rouws, L.F.M.; Meneses, C.H.S.G.; Guedes, H.V.; Vidal, M.S.; Baldani, J.I.; Schwab, S. Monitoring the colonization
of sugarcane and rice plants by the endophytic diazotrophic bacterium Gluconacetobacter diazotrophicus marked
with gfp and gusA reporter genes. Lett. Appl. Microbiol. 2010, 51, 325–330. [CrossRef] [PubMed]

42. Zhang, X.; Li, E.; Xiong, X.; Shen, D.; Feng, Y. Colonization of endophyte Pantoea agglomerans YS19 on
host rice, with formation of multicellular symplasmata. World J. Microbiol. Biotechnol. 2010, 26, 1667–1673.
[CrossRef]

43. Prieto, P.; Schilirò, E.; Maldonado-González, M.M.; Valderrama, R.; Barroso-Albarracín, J.B.; Mercado-Blanco, J.
Root hairs play a key role in the endophytic colonization of olive roots by Pseudomonas spp. with biocontrol
activity. Microb. Ecol. 2011, 62, 435–445. [CrossRef] [PubMed]

44. Sánchez-López, A.S. Basis for the Remediation of Sites Polluted by Potentially Toxic Elements in
Zimapan, Mexico: Interdisciplinary Approach. Ph.D. Thesis, Colegio de Postgraduados, Texcoco, Mexico,
Hasselt University, Hasselt, Belgium, 2015.

45. Khan, M.; Harun, N.; Rehman, A.H.N.A.; Elhussein, S.A. In vitro antioxidant evaluation of extracts of three
wild Malaysian plants. Procedia Eng. 2013, 53, 29–36. [CrossRef]

46. Villa-Ruano, N.; Zurita-Vásquez, G.G.; Pacheco-Hernández, Y.; Betancourt-Jiménez, M.G.; Cruz-Durán, R.;
Duque-Bautista, H. Anti-Iipase and antioxidant properties of 30 medicinal plants used in Oaxaca, México.
Biol. Res. 2013, 46, 153–160. [CrossRef] [PubMed]

47. Compant, S.; Reiter, B.; Sessitsch, A.; Clément, C.; Barka, E.A.; Nowak, J. Endophytic colonization of
Vitis vinifera L. by plant growth-promoting bacterium Burkholderia sp. strain PsJN. Appl. Environ. Microbiol.
2005, 71, 1685–1693. [CrossRef] [PubMed]

48. Compant, S.; Kaplan, H.; Sessitsch, A.; Nowak, J.; Ait Barka, E.; Clément, C. Endophytic colonization
of Vitis vinifera L. by Burkholderia phytofirmans strain PsJN: From the rhizosphere to inflorescence tissues.
FEMS Microbiol. Ecol. 2008, 63, 84–93. [CrossRef] [PubMed]

49. Filho, A.S.F.; Quecine, M.C.; Bogas, A.C.; de Rossetto, P.B.; de Lima, A.O.S.; Lacava, P.T.; Azevedo, J.L.;
Araújo, W.L. Endophytic Methylobacterium extorquens expresses a heterologous β-1,4-endoglucanase A (EglA)
in Catharanthus roseus seedlings, a model host plant for Xylella fastidiosa. World J. Microbiol. Biotechnol. 2012,
28, 1475–1481. [CrossRef] [PubMed]

216



Int. J. Mol. Sci. 2018, 19, 291

50. De Procópio, R.E.L.; Araújo, W.L.; Andreote, F.D.; Azevedo, J.L. Characterization of a small cryptic plasmid
from endophytic Pantoea agglomerans and its use in the construction of an expression vector. Genet. Mol. Biol.
2011, 34, 103–109.

51. Anand, R.; Chanway, C.P. Detection of GFP-labeled Paenibacillus polymyxa in autofluorescing pine seedling
tissues. Biol. Fertil. Soils 2013, 49, 111–118. [CrossRef]

52. Johnston-Monje, D.; Raizada, M.N. Conservation and diversity of seed associated endophytes in Zea across
boundaries of evolution, ethnography and ecology. PLoS ONE 2011, 6. [CrossRef] [PubMed]

53. Verma, S.C.; Singh, A.; Chowdhury, S.P.; Tripathi, A.K. Endophytic colonization ability of two deep-water
rice endophytes, Pantoea sp. and Ochrobactrum sp. using green fluorescent protein reporter. Biotechnol. Lett.
2004, 26, 425–429. [CrossRef] [PubMed]

54. Ferreira, A.; Quecine, M.C.; Lacava, P.T.; Oda, S.; Azevedo, J.L.; Araújo, W.L. Diversity of endophytic bacteria
from Eucalyptus species seeds and colonization of seedlings by Pantoea agglomerans. FEMS Microbiol. Lett.
2008, 287, 8–14. [CrossRef] [PubMed]

55. Zhang, X.; Lin, L.; Zhu, Z.; Yang, X.; Wang, Y.; An, Q. Colonization and modulation of host growth and metal
uptake by endophytic bacteria of Sedum alfredii. Int. J. Phytoremediat. 2013, 15, 51–64. [CrossRef] [PubMed]

56. Schulz, B.; Boyle, C. The endophytic continuum. Mycol. Res. 2005, 109, 661–686. [CrossRef] [PubMed]
57. Johnston-Monje, D.; Lundberg, D.S.; Lazarovits, G.; Reis, V.M.; Raizada, M.N. Bacterial populations in

juvenile maize rhizospheres originate from both seed and soil. Plant Soil 2016, 405, 337–355. [CrossRef]
58. Mitter, B.; Sessitsch, A.; Naveed, M. Method for Producing Plant Seed Containing Endophytic

Micro-Organisms 2013. European Patent #2,676,536 A1, 26 November 2015.
59. Bashan, Y.; de-Bashan, L.E.; Prabhu, S.R.; Hernandez, J.P. Advances in plant growth-promoting bacterial

inoculant technology: Formulations and practical perspectives (1998–2013). Plant Soil 2014, 378, 1–33.
[CrossRef]

60. Lodewyckx, C.; Taghavi, S.; Mergeay, M.; Vangronsveld, J.; Clijsters, H.; van der Lelie, D. The effect
of recombinant heavy metal-resistant endophytic bacteria on heavy metal uptake by their host plant.
Int. J. Phytoremediat. 2001, 3, 173–187. [CrossRef]

61. Berg, G.; Zachow, C.; Müller, H.; Philipps, J.; Tilcher, R. Next-generation bio-products sowing the seeds of
success for sustainable agriculture. Agronomy 2013, 3, 648–656. [CrossRef]

62. Keyser, C.A.; Thorup-Kristensen, K.; Meyling, N.V. Metarhizium seed treatment mediates fungal dispersal
via roots and induces infections in insects. Fungal Ecol. 2014, 11, 122–131. [CrossRef]
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Abstract: Intercropping has been widely used to control disease and improve yield in agriculture.
In this study, maize and peanut were used for non-separation intercropping (NS), semi-separation
intercropping (SS) using a nylon net, and complete separation intercropping (CS) using a plastic
sheet. In field experiments, two-year land equivalent ratios (LERs) showed yield advantages due to
belowground interactions when using NS and SS patterns as compared to monoculture. In contrast,
intercropping without belowground interactions (CS) showed a yield disadvantage. Meanwhile,
in pot experiments, belowground interactions (found in NS and SS) improved levels of soil-available
nutrients (nitrogen (N) and phosphorus (P)) and enzymes (urease and acid phosphomonoesterase)
as compared to intercropping without belowground interactions (CS). Soil bacterial community
assay showed that soil bacterial communities in the NS and SS crops clustered together and were
considerably different from the CS crops. The diversity of bacterial communities was significantly
improved in soils with NS and SS. The abundance of beneficial bacteria, which have the functions
of P-solubilization, pathogen suppression, and N-cycling, was improved in maize and peanut soils
due to belowground interactions through intercropping. Among these bacteria, numbers of Bacillus,
Brevibacillus brevis, and Paenibacillus were mainly increased in the maize rhizosphere. Burkholderia,
Pseudomonas, and Rhizobium were mainly increased in the peanut rhizosphere. In conclusion, using
maize and peanut intercropping, belowground interactions increased the numbers of beneficial
bacteria in the soil and improved the diversity of the bacterial community, which was conducive to
improving soil nutrient (N and P) supply capacity and soil microecosystem stability.

Keywords: soil nutrition; soil bacterial community; microbial diversity; intercropping; T-RFLP; qPCR

1. Introduction

Intercropping is becoming common in the Americas, Asia, Africa, and Europe. It plays an
important role in maintaining farmland ecosystem biodiversity and stability, improving resource
efficiency, and achieving high and stable yields in the agroecosystem [1,2]. Most intercropping
systems (i.e., maize/peanut, wheat/maize, faba bean/wheat, etc.) show yield advantages. However,
some intercropping systems show yield disadvantages due to strong interspecific competition [3]. It is
very necessary to explore the underlying mechanisms of yield advantages under intercropping systems.
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Intercropping involves the aboveground and belowground interaction of crops. In previous
studies, the aboveground interaction in intercropping systems altered the canopy micro-ecology,
resulting in improved solar light use efficiency and soil water storage capacity, and a reduction in the
evaporation of soil moisture [4,5]. In recent years, more studies have been focused on soil nutrients
and root exudates [6]. In legume/cereal intercropping systems in alkaline calcareous soils with low
phosphorus, legume root exudates including malic acid and citric acid have been shown to acidify the
rhizosphere and mobilize insoluble P while improving legume nodulation and nitrogen fixation [7].
Meanwhile, increased rhizosphere phosphorus availability was also observed in durum wheat and
chickpea intercropping in neutral soil, but rhizosphere acidification was not observed; in fact, the pH
value increased [8]. Moreover, in acidic soil, He et al. [9] suggested that the increase in plant P
uptake was due to the changes in the microbial community composition in maize/chickpea and
maize/soybean intercropping systems. Therefore, belowground interspecific interactions are complex,
and further research is needed.

Soil microorganisms play crucial roles in the rhizosphere ecosystem, being involved in soil nutrient
cycling, suppression of soil-borne pathogenic microorganisms, and the decomposition of organic
matter, which is closely associated with the aboveground performance of plants [10,11]. In recent years,
the root-associated microbial community has been the focus of many plant studies. Mortel et al. [12]
found that Pseudomonas fluorescens was able to induce the salicylic acid signaling pathway in Arabidopsis,
and further improved the resistance of plants to pests and diseases. Sanguin et al. [13] found that
take-all decline disease in wheat was closely associated with the shift of the bacterial community in
long-term monoculture. Weidner et al. [14] suggested that high soil microbial diversity was favorable
for positive plant-soil feedback and nitrogen nutrient supply in soil.

Previous studies have demonstrated that plants can modify their rhizosphere microbial
community through their root exudates [15,16], and that the shift of rhizosphere microbial can further
affect the soil enzymes and soil fertility [17]. Therefore, the rhizosphere microbial community can
be affected by different plants in intercropping, and the changes in soil microbial communities may
play important roles in the benefits of intercropping. Intercropping of maize and peanut has been
previously demonstrated to provide significant advantages, and has been commonly used [18,19].
However, little is known about the alternation of the rhizosphere microbial community at the species
and genera level in the intercropping systems, and even less information is available about this in
maize/peanut intercropping specifically.

Molecular methods can assay the microbial community structure in phylum, genera, and even
species in the rhizosphere soil of plants [20]. The terminal restriction fragment length polymorphism
(T-RFLP) coupled with cloning sequences quantitative PCR (qPCR) technique offers the best
possibilities for analyzing the structure and diversity of soil microbial communities [21,22]. In this
study, maize and peanut were intercropped in three patterns of belowground interactions with the same
aboveground canopy structure. Firstly, the changes in agronomic traits, photosynthetic characteristics,
soil-available nutrients, and soil enzymes between different treatments were analyzed to explore the
key factor (aboveground or belowground interactions) contributing to the yield advantage. Then,
the shifts of soil bacterial community structure and functional diversity were assessed using qPCR
and T-RFLP. The aim of this study is to explore the relationships between the changes of soil bacterial
community and their related soil enzyme activities and yield advantage in maize/peanut intercropping
regimes, in order to provide a theoretical basis and practical guide for reasonable intercropping and
maintaining biodiversity in agricultural ecosystems.

2. Results

2.1. Yields in Field Experiments and Plant Properties in Pot Experiments

The plant yields of two crops in field were measured in 2011 and 2012 under different treatments
(Table 1). Two-year yield results showed that the maize yields using non-separation intercropping (NS)
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and semi-separation intercropping (SS) were significantly improved when compared with complete
separation intercropping (CS) and monoculture treatment (MS). In 2011, the peanut yield was
significantly higher when using NS and slightly higher when using SS and MS as compared to CS.
In 2012, a similar trend was found in peanut yield between the treatments, and no significant differences
were observed. Compared with monoculture, land equivalent ratio (LER) results showed yield
advantages due to belowground interactions in the NS and SS patterns in the two-year experiments,
while the intercropping pattern without belowground interactions (CS) showed a yield disadvantage.

Table 1. Maize and peanut yields under different intercropping treatments.

Treatments Maize Yield (Mg·ha−1) Peanut Yield (Mg·ha−1) LER

2011

NS 8.62 ± 0.39a 3.42 ± 0.14a 1.31
SS 9.00 ± 0.34a 3.32 ± 0.14ab 1.33
CS 4.69 ± 0.29b 3.14 ± 0.06b 0.95
MS 4.70 ± 0.30b 3.38 ± 0.07ab 1

2012

NS 10.22 ± 0.33a 3.69 ± 0.35a 1.11
SS 9.95 ± 0.22a 3.61 ± 0.15a 1.08
CS 8.15 ± 0.30b 3.40 ± 0.17a 0.97
MS 8.06 ± 0.39b 3.61 ± 0.27a 1

NS: non-separation intercropping; SS: semi-separation intercropping; CS: complete separation intercropping;
MS: monoculture treatment; LER: land equivalent ratios. Different letters show significant differences determined
by the LSD (least significant difference) test (p < 0.05, n = 3).

In the pot experiment, the NS and SS patterns also showed the same trend when compared with
CS (Table 2). The shoot biomass, root biomass, and net photosynthetic rate in maize with NS and
SS were significantly higher than in maize with CS. Peanut root biomass, nodule number per plant,
and dry weight per nodule were significantly higher in maize with NS and SS.

Table 2. Plant biomass, root nodulation, and net photosynthetic rate of both crops in three different
intercropping treatments.

Treatments Biomass (g) Shoot Biomass (g) Root Biomass (g)
Pn

(μmol CO2·m−2·s−1)
Nodule Number

per Plant
Dry Weight per

Nodule (mg)

Maize

NS 118.40 ± 6.26a 95.13 ± 4.71a 23.27 ± 1.55a 40.38 ± 1.81a / /
SS 120.22 ± 5.56a 94.95 ± 4.81a 25.27 ± 0.75a 40.23 ± 3.52a / /
CS 94.19 ± 2.98b 76.16 ± 2.58b 18.03 ± 0.40b 34.48 ± 1.08b / /

Peanut

NS 13.95 ± 0.99a 12.36 ± 0.76a 1.59 ± 0.23a 26.60 ± 1.53a 528.33 ± 25.42a 0.51 ± 0.03ab
SS 14.60 ± 1.07a 12.83 ± 0.70a 1.77 ± 0.37a 27.60 ± 1.63a 626.00 ± 40.00a 0.57 ± 0.06a
CS 14.30 ± 0.72a 13.17 ± 0.66a 1.13 ± 0.06b 24.98 ± 1.67a 310.00 ± 50.20b 0.43 ± 0.04b

NS: non-separation intercropping; SS: semi-separation intercropping; CS: complete separation intercropping; Pn: net
photosynthetic rate. Different letters show significant differences determined by the LSD test (p < 0.05, n = 3).

2.2. Soil Nutrition and Soil Enzyme Activities

Differences in soil nutrient contents and soil enzyme activities were detected between the
distinct treatments in the pot experiment (Figure 1). In maize rhizosphere soils, belowground
interactions (in NS and SS) significantly enhanced soil-available nutrients (N, P and K), urease,
and acid phosphomonoesterase (PME) as compared to CS. In peanut rhizosphere soils, the activities
of soil urease, acid PME and invertase, and available P were significantly enhanced in the NS and
SS treatments as compared with CS. Available N levels were significantly higher in the NS soil and
slightly higher in the SS soil as compared to the CM soil. However, NS and SS reduced the available K
contents in peanut soil as compared to the CS soil.
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Figure 1. Soil available N (a); available P (b); available K (c); urease activity (d); acid PME
(phosphomonoesterase) activity (e); and invertase activity (f) under different intercropping
treatments. NM: non-separated maize; SM: semi-separated maize; CM: completely separated maize;
NP: non-separated peanut; SP: semi-separated peanut; CP: completely separated peanut. Bars with
different letters indicate significant differences (LSD test, p < 0.05, n = 3).

2.3. Shifts of the Soil Microbial Community

T-RFLP was used to analyze the rhizosphere bacterial communities of maize and peanut under
different intercropping treatments. We obtained bacterial T-RFLP profiles using the digestion of four
restriction enzymes (MspI, HaeIII, AfaI, and AluI) (Figure S1). The terminal restriction fragments (T-RFs)
of four enzymes were combined for matrix calculation. We analyzed the diversity of rhizosphere soil
bacterial communities under different intercropping patterns (Table 3). Simpson and Shannon–Wiener
indices were improved in plant soils under NS and SS as compared with CS. Meanwhile, the lowest
value for CS was found in peanut. The result of non-metric multi-dimensional scaling (NMDS) and
cluster analyses (Figure 2) showed that NS and SS crop soil bacterial communities in both plants
clustered together and were considerably different from those of CS crops.

Table 3. Diversity analysis of rhizosphere soil bacterial communities under different
intercropping patterns.

Treatments Simpson Index (J) Shannon-Wiener Index (H)

Maize

NS 0.988a 5.921a
SS 0.984b 5.84b
CS 0.982c 5.71c

Peanut

NS 0.985a 5.826a
SS 0.986a 5.862a
CS 0.982b 5.596c

NS: non-separation intercropping; SS: semi-separation intercropping; CS: complete separation intercropping.
Different letters indicate significant differences (LSD test, p < 0.05, n = 3).

Based on T-RFs, we grouped the identified bacteria into 11 phyla (Figure 3) using the phylogenetic
assignment tool (PAT). Proteobacteria, Firmicutes, and Actinobacteria were the most abundant bacteria
in the soil samples. Proteobacteria were the dominant bacteria in maize soil with CS. The presence
of Proteobacteria gradually decreased in SS and NS maize soils, while quantities of Firmicutes and
Actinobacteria gradually increased in maize soils with SS and NS. Firmicutes was the dominant
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bacteria in peanut soil with CS. The quantities of Firmicutes gradually decreased, while those of
Proteobacteria gradually increased in peanut soils with SS and NS.

Figure 2. NMDS ordinations (a) and clustering analysis (b) of bacterial communities in soil. NM:
non-separated maize; SM: semi-separated maize; CM: completely separated maize; NP: non-separated
peanut; SP: semi-separated peanut; CP: completely separated peanut.

Figure 3. The groups of maize and peanut rhizosphere soil bacterial phyla under different intercropping
patterns. NM: non-separated maize; SM: semi-separated maize; CM: completely separated maize;
NP: non-separated peanut; SP: semi-separated peanut; CP: completely separated peanut.

Furthermore, the similarity percentages (SIMPERs) of T-RFs was determined. NS and SS were
combined as the planting pattern with belowground interactions (BI) and CS was the planting
pattern without interactions (WI). Both maize and peanut were analyzed under these two patterns
(BI and WI). The results showed that there was a dissimilarity of 19.33% between BI and WI for
the maize soil bacterial community and 33.52% for peanut. The top T-RFs with 20% cumulative
contribution to the dissimilarity are shown in Table 4 and Table S1. The results showed that under
the BI pattern (SS and NS), numbers of beneficial bacteria (i.e., Bacillus, Burkholderia, Pseudomonas, etc.)
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were increased in maize and peanut soils. Among them, Bacillus, Brevibacillus brevis, and Paenibacillus,
all of which belong to Firmicutes, mainly increased in the maize rhizosphere. Burkholderia, Pseudomonas,
Sphingomonas, and Rhizobium, all of which belong to Proteobacteria, mainly increased in the
peanut rhizosphere.

Table 4. Top terminal restriction fragments (T-RFs) with 20% cumulative contribution to the
dissimilarity between belowground interaction (NS and SS) and complete separation (CS).

Contribution
(%)

TRFLP-PAT Assignment
Relative Abundance (%)

Functions
NS SS CS

Maize

4.63 Brevibacillus brevis (D78457) 3.53 3.63 0 Improving root growth, nodulation and
pathogen antagonism

3.33 Paenibacillus sp. 2.8 2.35 0 N-fixation and pathogen antagonism

1.87 Bacillus sp. 6 5.65 4.38 Improving nodulation, P-solubilization and
pathogen antagonism

1.68 Clone OCS155 (AF001652) 1.25 0 3.46 Unknown

1.58 No Match 0.85 0.96 0.18 Unknown

1.28 Polyangium sp. 0.76 0.79 1.62 C cycle

1.21 Bacillus subtilis (AL009126) 4.99 4.77 3.95 Improving nodulation, P-solubilization and
pathogen antagonism

1.19 Clone T33 (Z93960) 1.33 0.32 1.55 Unknown

1.12 Pseudomonas sp. 3.64 4.32 3.26 P-solubilizing and pathogen antagonism

1.08 Acidosphaera (D86512) 1.4 0.8 1.02 Unknown

1.02 Sphingomonas sp. 1.52 1.24 1.89 C cycle

Peanut

2.23 Bacillus sp. 8.33 8.89 5.81 Improving nodulation, P-solubilization and
pathogen antagonism

1.98 Burkholderia sp. 5.78 5.62 3.49 Legume N-fixing symbiont. Pathogen
antagonism and plant growth promotion

1.81 Clostridium sp. 1.53 1.32 3.98 C cycle

1.6 Pseudomonas sp. 1.25 1.44 0.62 P-solubilization and pathogen antagonism

1.59 str. AS2988.(AF060671) 1.4 0.94 0 Unknown

1.5 Nocardia crassostrae (U92800) 0.99 1.13 3.44 Unknown

1.31 clone Sva0556. 0.49 0 1.8 Unknown

1.29 Brevibacillus brevis (D78457) 3.45 3.08 2.65 Improving root growth, nodulation and
pathogen antagonism

1.2 No match 0 0 0.87 Unknown

1.02 Xylophilus ampelinus
(AF078758) 0.77 1.38 2.98 Plant pathology

0.99 Cytophaga lytica (M62796) 1.24 1.24 0 C cycle

0.95 Mesorhizobium loti (D14514) 2.71 3.3 1.81 Legume nodulation and N fixation

0.9 Rhizobium hainanense (U71078) 1.53 1.7 0.89 Legume nodulation and N fixation

0.86 Afipia clevelandensis (M69186) 1.9 2.3 2.5 Nitrification

0.86 Sphingomonas sp. (U52146) 1.35 1.59 0.66 C cycle

NS: non-separation intercropping; SS: semi-separation intercropping; CS: complete separation intercropping;
TRFLP-PAT: terminal restriction fragment length polymorphism-phylogenetic assignment tool. The references of
bacterial functions are shown in Table S1.

2.4. qPCR of Specific Bacterial Groups

Effective use of nitrogen is considered the most important factor with respect to the advantages
of intercropping. Based on previous results, soil-available N, urease activity, and the soil bacterial
community was improved in the belowground interaction planting pattern. Therefore, seven genes
encoding key enzymes in N cycling (nifH, amoA (AOA), amoA (AOB), narG, nirK, nirS and nosZ) were
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analyzed (Figure 4 and Figure S2). As for peanut, for nirK, there were no significant differences among
the treatments, while abundances of the other six genes were significantly improved (p < 0.05) in
conditions of belowground interaction through intercropping (NS and SS). In the maize rhizosphere,
the results showed that the abundances of the nitrogen fixation-related gene (nifH), the ammonia
oxidation-related gene (amoA (AOA), amoA (AOB)) and the nitrate reductase gene (narG) were
significantly improved (p < 0.05) under the planting patterns with belowground interactions, while the
other three genes (nirK, nirS, and nosZ) showed no significant differences.

Figure 4. Quantification of genes involved in N-cycling from rhizosphere soil under different
intercropping patterns. NM: non-separated maize; SM: semi-separated maize; CM: completely
separated maize; NP: non-separated peanut; SP: semi-separated peanut; CP: completely separated
peanut. Bars with different letters indicate significant differences (LSD’s test, p < 0.05, n = 4).

Quantitative PCR further confirmed the changes in the abundance of the main bacterial
phyla (α-Proteobacteria, β-Proteobacteria, Firmicutes, and Actinobacteria) and beneficial bacteria
(Bacillus, Burkholderia, Pseudomonas, and Rhizobium) in all six soil samples (Figure 5 and Figure S3).
The numbers of Bacillus, Burkholderia, Pseudomonas, Rhizobium, α-Proteobacteria, and β-Proteobacteria
were significantly higher in peanut soil under the planting pattern with belowground interactions.
Meanwhile, significantly higher abundances of Bacillus, Rhizobium, Firmicutes, and Actinobacteria
were observed in belowground interactions in maize soil. The results were consistent with the T-RFLP
analysis (Figure 3 and Table 4).
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Figure 5. Quantification of genes involved in major microbial communities under different intercropping
patterns. (a): Alphaproteobacteria; (b): Betaproteobacteria; (c): Firmicutes; (d): Actinobacteria;
(e): Burkholderia; (f): Pseudomonas; (g): Rhizobium; (h): Bacillus. NM: non-separated maize; SM: semi-separated
maize; CM: completely separated maize; NP: non-separated peanut; SP: semi-separated peanut;
CP: completely separated peanut. Bars with different letters indicate significant differences (LSD’s test,
p < 0.05, n = 4).

3. Discussion

Legume and cereal intercropping has been widely applied in agriculture, and the mechanism of
beneficial effects extensively studied [23]. According to previous studies, most intercropping systems
display a yield advantage [6]. However, there is still no consensus on the underlying mechanisms
of beneficial effects in intercropping regimes. In some works, the beneficial effects were attributed
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to the improvement of soil-available P by the acidification of root exudation (i.e., organic acids) in
alkaline soil [7]. Meanwhile, other studies found that the improvement of soil-available P is not related
to the pH value in acidic and neutral soils [8,9] because the organic acids secreted by the root are
quickly fixed by the soil, and the concentrations of organic acids are too low (1~50) μM to activate
insoluble P [24,25]. Hence, the advantages of maize/peanut intercropping need to be confirmed before
studying their underlying mechanisms in a new soil environment. In a recent study, two-year LER in
field experiments showed yield advantages in the presence of belowground interactions (NS and SS),
while the without belowground interactions (CS) pattern showed yield disadvantages as compared to
the monoculture. The results indicated that the advantages of maize/peanut intercropping were due
to the belowground interactions, and the advantages may be derived from the enhancement of soil
nutrient, enzymes activity and microbial community composition.

Soil enzymes are important bioactive proteins in soil that are mainly derived from
microorganisms [17]. They directly participate in soil nutrient cycling and are closely related to
soil fertility and soil environmental quality [26]. Urease participates in soil nitrogen cycling and
indicates soil quality and fertility [27]. Phosphomonoesterase plays an important role in converting
organic phosphate into inorganic phosphate, which can improve soil available P [28]. Invertase activitiy
is correlated with soil carbon cycling, phosphorus content, microbial biomass, and soil respiration
intensity [29]. Previous studies have demonstrated that interspecific interactions in intercropping
systems could effectively improve the mobilization and uptake of nitrogen and phosphorus as
compared to monocropping [8,30,31]. Higher soil enzyme activities can improve available N and P
supply capacity in the plant soil. Our study found that urease, acid PME activities, and available N
and P contents in both crops were significantly higher in the presence of belowground interactions
(NS and SS) as compared to intercropping without belowground interactions (CS). Similar changes
were observed in other intercropping systems [32–34]. Invertase were significantly enhanced in the NS
and SS treatments as compared with CS in peanut soil, while decreased in maize soil. These results are
supported by the finding of Dai et al. (2013), that the activity of invertase was significantly increased
in peanut when intercropped with Atractylodes lancea [35]. The results indicated that intercropping of
maize and peanut improved soil fertility through belowground interactions and the improvements
were closely related to with the shifts in the soil microbial community, also indicating soil microbial
community and enzymatic activity is sensitive to different plants’ interspecific interactions.

The microbial community is a key component of the rhizosphere soil ecosystem and can be
used for evaluating soil quality [36]. Changes in soil microbial communities have been observed in
mulberry/soybean, maize/chickpea, maize/soybean, and sorghum/peanut intercropping [9,37,38].
Our previous study demonstrated that Gram-positive bacteria (G+) were significantly improved in
maize soils when intercropped with peanut, while Gram-negative (G−) bacteria were significantly
improved in peanut soil [39]. Thus, the soil bacterial community in intercropping was studied by
T-RFLP analysis and similar results were observed in the present study. The results showed that
Proteobacteria (G−), Firmicutes (G+), and Actinobacteria (G+) were the most abundant in the different
soil samples. Numbers of Firmicutes (G+) and Actinobacteria (G+) were increased in intercropped
maize soils with belowground interactions (NS and SS), while Proteobacteria (G−) was increased
in intercropped peanut. These trends were further confirmed by qPCR (Figure 5). Meanwhile,
multi-dimensional scaling (NMDS) and cluster analyses clearly demonstrated that NS and SS soil
bacterial communities in both plants clustered together and were considerably different from CS
bacterial communities.

Moreover, plant growth-promoting rhizobacteria have an important role in the agroecological
system. They can suppress plant soil-borne pathogens, improve the concentration of available
nutrients, and promote the growth of plants [40]. The SIMPER analysis of T-RFs delivered an
insight into key variation bacterial between planting pattern with belowground interactions and
without interactions. The result (Table 4 and Table S1) showed that higher abundances of beneficial
bacteria (Bacillus, Burkholderia, Pseudomonas and Rhizobium etc.) were observed in belowground

227



Int. J. Mol. Sci. 2018, 19, 622

interaction intercropping treatments (NS and SS). Bacillus, Brevibacillus brevis, and Paenibacillus were
found to have functions of phosphate solubilization, nitrogen fixation, suppression of pathogenic
microorganisms, and improvement of legume nodulation. Burkholderia and Pseudomonas exist widely
in healthy and disease-free soil, and they can effectively control the occurrence of soil diseases
and improve the solubilization of fixed soil phosphorus (Table S1); Sphingomonas is involved in
decomposition of aromatic compounds; Rhizobium is involved in nitrogen fixation and is closely related
to peanut nodulation. We found numbers of Bacillus, Brevibacillus brevis, and Paenibacillus, belonging to
Firmicutes (G+), mainly to be increased in the maize rhizosphere as a result of belowground interaction.
Meanwhile, Paenibacillus, Burkholderia, Pseudomonas, Sphingomonas and Rhizobium, belonging to
Proteobacteria (G−), were mainly increased in the peanut rhizosphere. In addition, Bacillus, Burkholderia,
Pseudomonas, and Rhizobium were considered to be the key plant growth-promoting rhizobacteria [41]
and were further analyzed by qPCR in six soil samples. The qPCR results were consistent with the
T-RFLP analysis (Figure 5). The results revealed that belowground interaction in intercropping can
induce changes in soil bacterial community structure and attract more beneficial bacteria, which
participate in nutrient cycling, legume nodulation, and suppression of plant soil-borne pathogens.
These findings explained the reason for higher soil nutrient (N and P) supply capacity and crop disease
resistance in intercropping.

The level of soil bacterial community diversity plays an important role in maintaining
agricultural ecosystem stability, and improving crop resistance, crop growth and yield formation [42].
Plant diversity ensures soil bacterial community diversity and reduces the number of pathogenic
microorganisms [43]. Qiao et al. [44] found that the intercropping of oats and vetch could improve the
diversity of soil bacterial communities in the system. Conversely, consecutive monoculture of plants
(cucumber and Pseudostellaria heterophylla) could decrease the diversity of the rhizosphere bacterial
community [45,46]. Moreover, increased soil microbial diversity not only suppresses soil-borne
diseases, but also improves soil nitrogen nutrient supply capacity [14]. Pankaj et al. [47] also found that
significantly higher levels of nitrogen metabolic cycles could be observed in healthy soil as compared
to soil with soil-borne diseases. It has been proven that legumes and non-legumes can efficiently
utilize N sources in intercropping systems [48]. In this study, higher soil bacterial diversity indices
were observed in the rhizosphere soil of both maize and peanut under belowground interaction
intercropping (NS and SS). Moreover, genes related to soil N-cycling were improved by belowground
interaction intercropping (NS and SS). These results demonstrated that the belowground interaction
in intercropping systems improved soil bacterial community diversity and N-cycling bacteria, which
were conducive to soil N nutrient supply capacity and soil health.

Based upon the discussion above, NS and SS show the same trends when compared with CS.
Under NS treatment (no separation), the interactions between each crop include soil nutrition,
microorganisms, root exudates exchanges, etc. The nylon net in SS treatment allowed root
exudates, soil microorganisms, and soluble matter to flow across the net. Previous studies have
demonstrated that plants release enormous amounts of chemicals through their roots, which affect
soil microorganisms [49]. Because of the differences in the composition of root exudates, different
crops and even genotypes can determine their unique soil microbial communities [15,50–52]. As such,
we supposed that shifts in the soil microbial community in NS and SS were mainly due to root exudate
exchanges in the intercropping.

4. Materials and Methods

4.1. Experimental Design

The experiment was carried out in the experimental field and greenhouse of the College of Crop
Sciences, Fujian Agricultural and Forestry University, Fuzhou, China (26◦08′ N, 119◦23′ E) in 2011
and 2012. In addition to monoculture (MS), maize (Zea mays L.) and peanut (Arachis hypogaea L.)
were grown under three different intercropping treatments with the same canopy structure. Maize
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and peanut were planted with no separation intercropping (NS), semi-separation intercropping
(SS) with a nylon net (50 μm), and complete separation intercropping (CS) with a plastic sheet
(Figure S4). The experimental soil was sandy loam soil (pH value 5.5) containing total nitrogen
1.12 g·kg−1, total phosphorus 0.47 g·kg−1, total K 6.59 g·kg−1, available nitrogen 36.15 mg·kg−1,
available phosphorus 8.23 mg·kg−1, and available K 30.46 mg·kg−1.

The yields of two crops were measured in 2011 and 2012 (Figure S4) in field experiments. The area
for each pattern type (NS, SS, CS, and MS) was 16 m2 (4 × 4 m), with three replicates. The same field
management and fertilization processes (including 180 kg·hm−2 CO(NH2)2, 52 kg·hm−2 Ca(H2PO4)2

and 75 kg·hm−2 KCl) were implemented in treatments during the whole experimental period. The pot
experiment was carried out in 2012. Three peanut and one maize were grown in each pot with 13 kg of
soil under three different intercropping treatments (NS, SS and CS), each with six replicates (Figure S5).
Basal fertilizers were mixed in soil before planting, including (mg·kg−1 soil): N 100 (Ca (NO3)2·4H2O),
P 150 (KH2PO4), K 150 (KCl), Mg 50 (MgSO4·7H2O), Cu 5(CuSO4·5H2O), and Zn 5(ZnSO4·7H2O).

4.2. Field Yields, Experimental Plant Property Determination and Soil Sampling

At maturity, five plants in each row were randomly selected in all treatments, and then the grain
yields in each treatment were detected. The land equivalent ratio (LER) is the total land area of sole
crops required to achieve the same yields as the intercrops.

LER = Yim/Ym + Yip/Yp (1)

where Yim and Ym are the yields of intercropped and sole maize crops, and Yip and Yp are the yields
of intercropped and sole peanut crops, respectively. Intercropping systems exhibit yield advantages
when LER > 1, while LER < 1 indicates yield disadvantages [53].

At the maize flowering stage (60 days after sowing) in the pot experiments, four maize and four
peanut plants were randomly selected. The net photosynthetic rate of maize and peanut function leaves
(the first fully expanded leaf from the top of the maize plant and last two or three leaves on the peanut
main stem) were measured with Li-6400 (LI-COR, Lincoln, NE, USA) from 9:00 a.m. to 11:00 a.m.
Peanut and maize were cut near the soil surface. The roots were carefully uprooted from the soil and
gently shaken to remove loosely attached soil. The rhizosphere soils, at depths of 5~15 cm and closely
attached to the roots, were carefully brushed down and collected, and then the rhizospheric soils were
sieved by 0.9-mm mesh. Soil samples were separated into two parts: one part stored at −80 ◦C for soil
DNA extraction, and other part stored at 4 ◦C for soil enzyme and soil nutrient analysis. The plant roots
and peanut nodules were collected and immediately flushed with water. The flesh peanut nodules
were detached from the roots and counted. These plants (shoots and roots) and nodules were first
dried (105 ◦C for 30 min, 60 ◦C for 48 h), and then the biomasses were measured.

4.3. Measurement of Soil Nutrient and Enzymatic Activities

The measurement methods of soil nutrients (available nitrogen, phosphorus, and potassium)
were proposed by Jackson [54]. Available nitrogen was measured by the alkaline hydrolysable method.
Available phosphorus was measured by molybdenum blue method. Available potassium was extracted
by incubating 5 g soil with 50 mL of 1 mol·L−1 CH3COONH4 (pH 7) for 30 min. The supernatant was
filtered through the filter paper and then measured by flame photometry. The measurement methods
of soil enzymes (urease, invertase, and acid PME) activities were proposed by Guan [29]. Urease
(EC 3.5.1.5) activity was determined by incubating 5 g soil with 10 mL of 10% urea solution and 20 mL
of citrate buffer (dissolved 184 g citric acid and 147.5 g KOH in 300 mL ddH2O respectively, combined
the two solutions and then adjusted the pH to 6.7 with 1 mol·L−1 NaOH, and then diluted with
ddH2O to 1 L) at 37 ◦C for 24 h. The formation of ammonium was measured by spectrophotometer
at 578 nm and expressed as μg·g−1 soil·h−1. Soil invertase (EC 3.2.1.26) activity was determined
by mixing 5 g soil with 15 mL of 8% sucrose and 5 mL of 66.7 mmol·L−1 phosphate buffer (pH 5.5)
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at 37 ◦C for 24 h. The supernatant was rapidly filtered through the filter paper and measured
by 3,5-dinitrosalicylic acid colorimetric method (DNS method). Invertase activity expressed as μg
glucose·g−1 soil·h−1. Acid PME (EC: 3.1.3.2) activity was determined by incubating 1 g soil with 4 mL
of acidic buffer (20 mmol·L−1 Tris(hydroxymethyl)methyl aminomethane, 20 mmol·L−1 butenedioic
acid, 14.6 mmol·L−1 citric acid, 20 mmol·L−1 boronic acid, pH 6.0), 0.2 mL of methylbenzene, and 1 mL
of 0.05 mol·L−1 para-nitrophenyl phosphate (pNPP) at 37 ◦C for 24 h. The formation of para-nitrophenol
was measured by spectrophotometer at 410 nm and expressed as μg·g−1 soil·h−1.

4.4. DNA Extraction and Terminal Restriction Fragment Length Polymorphism (T-RFLP) Analysis

The Soil Genomic DNA Extraction Kit (Bioer Technology Co., Ltd., Hangzhou, China)
was used to extract soil whole genome DNA. DNA concentration was measured by
Nanodrop and stored in −80 ◦C for T-RFLP [55] and quantification PCR analysis. Primers
27F-FAM (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) with
6-carboxyfurescein-label were used to amplify the bacterial 16S rRNA gene. The PCR reaction mixture
(50 μL in final volume) included 25 μL Taq PCR Mix (2×) (TianGen Biotech Co., Ltd., Beijing, China),
1 μL of each primer (10 pmol·mL−1), 1 μL 0.1% BSA (Bovine Serum Albumin), 20 ng DNA template,
and ddH2O. The PCR program was as follows: 5 min at 95 ◦C, followed by 35 cycles of 95 ◦C for 1 min,
60 ◦C for 90 s, and 72 ◦C for 90 s, and then 1 cycle of 72 ◦C for 10 min. To purify PCR products, 1.2%
agarose gel electrophoresis and the Gel Extraction Kit (OMEGA Bio-Tek, Norcross, GA, USA) were
used. The purified PCR products were digested separately with four enzymes (MspI, HaeIII, AfaI and
AluI) [55]. The digestion mixture (15 μL in final volume) included 4 μL of enzyme buffer, 1.5 μL of
restriction endonuclease, 8 μL of PCR products and ddH2O. The endonuclease digestion products
were determined by the ABI 3730xl DNA sequencer (Applied Biosystems, Foster City, CA, USA).
PCR amplification and enzyme digestion took place in dark conditions to avoid fluorescence decay.
Gene Marker software Version 1.2 (SoftGenetics LLC, State College, PA, USA) was used to analyze
T-RFLP profiles. Lengths of terminal restriction fragments (T-RFs) between 30 and 600 bp were
selected for further analysis. The T-RFs measuring ±1 bp were combined and considered as the same
operational taxonomic units [56]. Based on the T-RFs, bacteria were identified by the phylogenetic
assignment tool (PAT) [57]. Only three or four restriction enzyme T-RF lengths matching phylogenetic
assignments were used in this study.

4.5. Quantification PCR of Bacterial Communities

Quantification PCR (qPCR) was used to analyze the bacterial genes (nifH, amoA (AOA),
amoA (AOB), narG, nirK, nirS, and nosZ), which encode the key enzymes in nitrogen cycling (Table S2).
AmoA (AOB) and amoA (AOA) encode ammonia monooxygenase; narG encodes membrane-bound
nitrate reductase; nirK and nirS encode nitrite reductase; nosZ encodes nitrous oxide reductase; and nifH
encode the nitrogenase. Meanwhile, the qPCR of the main bacterial phylum (α-Proteobacteria,
β-Proteobacteria, Firmicutes and Actinobacteria) and beneficial bacteria (Bacillus, Burkholderia,
Pseudomonas, Rhizobium) measured by the methods are described in Table S2. qPCR reaction mixture
(15 μL in final volume) included 0.5 μL of each primer (10 μM), 7.5 μL (2×) SYBR green I SuperReal
Premix (TIANGEN, Beijing, China), and template DNA (20 ng of total soil DNA or plasmid DNA for
standard curves).

4.6. Statistical Analyses

SPSS V11.5 software (IBM Corporation, Chicago, IL, USA) was used for statistical analysis, and
ANOVA (analysis of variance) was used to determine the significance of difference with the LSD’s
test (p < 0.05). PRIMER V5 software (PRIMER-E Ltd., Plymouth, UK) was used for non-metric
multidimensional scaling (NMDS) and similarity percentage analysis (SIMPER) of T-RFLP data.
NMDS is a superior analysis method for investigating microbial community data [58], and is considered
an accurate and reliable method of analysis when Kruskal’s stress value <0.1. The similarities of
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microbial communities were evaluated by NMDS in this study. The contribution (%) of each T-RF to
the dissimilarity between samples was carried out by means of similarity percentage analysis [58].

5. Conclusions

The advantages of maize/peanut intercropping can be attributed to belowground interactions.
Intercropping of maize and peanut improved the soil nutrient supply capacity and soil health.
This improvement was driven by the shifts of the soil microbial community, including the improvement
in the abundance of beneficial bacteria (i.e., Bacillus, Burkholderia, Pseudomonas, and Rhizobium etc.),
bacterial diversity, and N-cycling bacteria. Besides plant nutrition, our study suggested that the soil
microbial community could be a key factor for reasonable intercropping, and that the interaction
of root exudates may play a key role in modifying the soil microbial community. This study also
provided a clue to solving problems stemming from excessive monoculture in current agricultural
production. Additional work is needed to explore the interactions of root exudates in intercropping,
and the mechanisms of how root exudates shape the soil microbial community.
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NS Non-separation intercropping
SS Semi-separation intercropping
CS Complete separation intercropping
MS Monoculture
NM Non-separation intercropping maize
SM Semi-separation intercropping maize
CM Complete separation intercropping maize
NP Non-separation intercropping peanut
SP Semi-separation intercropping peanut
CP Complete separation intercropping peanut
LER Land equivalent ratio
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Abstract: Positive plant–soil feedback depends on beneficial interactions between roots and microbes
for nutrient acquisition; growth promotion; and disease suppression. Recent pyrosequencing
approaches have provided insight into the rhizosphere bacterial communities in various cropping
systems. However; there is a scarcity of information about the influence of root exudates on the
composition of root-associated bacterial communities in ratooning tea monocropping systems
of different ages. In Southeastern China; tea cropping systems provide the unique natural
experimental environment to compare the distribution of bacterial communities in different
rhizo-compartments. High performance liquid chromatography–electrospray ionization–mass
spectrometry (HPLC–ESI–MS) was performed to identify and quantify the allelochemicals in
root exudates. A high-throughput sequence was used to determine the structural dynamics
of the root-associated bacterial communities. Although soil physiochemical properties showed
no significant differences in nutrients; long-term tea cultivation resulted in the accumulation
of catechin-containing compounds in the rhizosphere and a lowering of pH. Moreover; distinct
distribution patterns of bacterial taxa were observed in all three rhizo-compartments of two-year
and 30-year monoculture tea; mediated strongly by soil pH and catechin-containing compounds.
These results will help to explore the reasons why soil quality and fertility are disturbed in continuous
ratooning tea monocropping systems; and to clarify the associated problems.

Keywords: monoculture; allelochemicals; microbiomes; rhizo-compartments; high-throughput
sequence; redundancy analysis (RDA); high performance liquid chromatography-electrospray
ionization-mass spectrometry (HPLC–ESI–MS)

1. Introduction

Plant–soil feedback is a two-step process in which the presence of a plant alters the structure and
composition of the rhizosphere microorganism community, and then that change in the microorganism
community alters the growth rate and development of the plant [1–6]. In rhizosphere soil there exists a
positive soil feedback mechanism, in which microorganisms mediate plant efficiency by producing
plant growth hormones, promoting plant nutrient uptake, competitively suppressing plant pathogens,
and fixing nitrogen [7]. On the other hand, a negative plant–soil feedback also exists, caused by the
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accumulation of phytotoxic compounds in soil. This feedback inhibits beneficial microbes but promotes
parasites and pathogen outbreaks, and in turn results in autotoxicity or soil sickness, and the hindrance
of plant growth and development, which reduces plant yield and quality [8–10]. Autotoxicity and
soil sickness are the typical results of negative plant–soil interactions, mainly driven by agricultural
landscape simplification, such as continuous monoculture which is the cropping of the same plant in
the same field for many consecutive years [11–14]. Production of autotoxins, soil nutrient imbalance,
and the alteration of soil-associated microbial community composition are considered as fundamental
issues related to autotoxicity and soil sickness [15,16].

Autotoxicity-related problems are observed when practicing consecutive monoculture of
agronomic crops, forages, fruits, medicinal, and horticultural plants [6,13,14,16–22]. Several groups of
chemicals have been identified for instigating autotoxicity, such as steroids, flavonoids, cyanogenic
glycosides, alkaloids, terpenoids, and phenolic acids. Among these autotoxins, various flavonoids
are known for their antimicrobial activity [23–25]. Catechin, one of the major flavonoids, is widely
reported in wine, traditional Chinese medicine, green tea, natural fruits [26–29], and also in invasive
plant species such as Centuria muculusa [30,31] and Rhododendron formosanum [32]. Studies have also
shown that catechins play a vital role in the successful invasion and establishment of invasive species
due to its allelopathic action [32,33], but the influential role of catechins in causing problems, by
altering the distribution of microbes associated with modern monocropping systems, especially in
consecutive ratooning tea gardens, has not yet been studied.

Camellia sinensis (L.) O. Kuntze is one of the most economically valuable mountainous crops in
Southern China and is also widely grown in Africa and Asia. It has been commercially grown for
almost 1500 years in China. However, the problems related to tea cultivation, such as reduction of tea
crop productivity and quality, have increased overtime after the establishment of tea plants in the same
soil for several years [34,35]. Researchers found that tea leaves and roots produce various biologically
active catechins, which can act as allelochemicals [25,36,37]. Studies also proposed that catechins
appear to degrade quickly into other chemical compounds after introduction into the soil, which can
affect the population dynamics and growth of several bacterial taxa [38,39]. Most studies addressing
the problems related to continuous tea monocropping systems have simply investigated the numerical
responses of microbial communities mediated by the soil physiochemical properties [35,36]. Moreover,
the influence of root exudates on the distribution of rhizosphere bacterial communities in a continuous
monocultured tea garden has not been studied. This study was designed to explore the distribution
of bacterial taxa present in the rhizosphere of new and continuous monocropping tea systems and
an adjacent uncultivated field. We also wanted to investigate the influence of root exudates and soil
physiochemical properties on the abundance of those bacterial taxa. Specifically, we hypothesized that
different lengths of time of ratooning tea monoculture fields share bacteria to varying degrees and
potentially this would be mediated over time by the variations in soil physiochemical properties and
root exudates.

2. Results

2.1. The Problems of Camellia sinensis (L.) Plantation under Continuous Monoculture

When compared to a new tea field planted two years ago, the tea field which was continuously
monocultured for 30 years showed poor growth, chlorosis, wilting, and ratooning problems
(Figure S1a,b). Moreover, the quality of tea leaves was significantly lower in the continuously
monocultured tea fields than in the newly planted tea garden (Table 1).
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Table 1. Quality parameters of tea leaves from tea plantations of different ages. TNN, TPY, TPP, TAA,
and WC represent the anine, theophylline, total polyphenols, total free amino acids, and water content,
respectively. 2YTL and 30YTL represent the two-year-old tea field and the 30-year-old tea field leaves,
respectively. Different letters (a and b) in columns show a significant difference determined by Tukey’s
test (p ≤ 0.05, n = 2).

Treatments TNN (g/kg) TPY (mg/kg) TPP (g/kg) TAA (g/kg) WC (%)

2YTL 1.70 a 0.12 a 106.40 a 12.44 a 0.76 a

30YTL 0.47 b 0.02 b 30.66 b 8.87 b 0.56 a

2.2. Soil Physio-Chemical Properties and Root Exudates

Soil physio-chemical properties and root exudates were analyzed to determine the main impacts
of tea monoculture in a field. Most of the soil nutrients, including nitrogen (N), phosphorus (P),
and potassium (K), did not show a significant difference in bulk soil between the newly planted
tea field and the 30-year continuously monocultured tea field, but soil pH was significantly lower
in the 30-year-old tea plantation compared to the bulk soil in the two-year tea plantation (Table S1).
Meanwhile, soil moisture in the 30-year-old tea field was higher in the bulk soil than in the two-year-old
tea plantation (Table S1). Seven compounds including protocatechuic acid (PCA), epigallocatechin
(EGC), epigallocatechin gallate (EGCG), epicatechin (EC), (+)-catechin (C), epicatechingallate (ECG),
and taxifolin (TF) were identified in the root exudates in both the newly planted tea field and the
30-year continuously monocultured tea field (Figure 1). Moreover, in the young plantation, the
concentrations of PCA, EGC, EGCG, EC, C, ECG, and TF were 2.04, 1.73, 6.95, 11.98, 21.31, 1.18, and
1.61 mg/kg, respectively. Meanwhile in the 30-year continuous monoculture field, these concentrations
were 14.58, 3.20, 3.27, 21.38, 3.70, 2.62, and 3.65 mg/kg, respectively. The recovery percentage of PCA,
EGC, EGCG, EC, C, ECG, and TF were in an acceptable range of between 60% and 120% (Table S2).

Figure 1. High performance liquid chromatography–electrospray ionization–mass spectrometry
(HPLC–ESI–MS) spectra of catechins in root exudates collected from different plantations of different
ages tea fields and bulk soil; “1”represents protocatechuic acid (PCA) with a retention time of
3.12 min; “2”represents epigallocatechin (EGC) with a retention time of 4.07 min; “3” represents
epigallocatechin-3-gallate (EGCG) with a retention time of 4.53 min; “4” represents epicatechin (EC)
with a retention time of 5.43 min; “5” represents (+)-catechin (C) with a retention time of 5.72 min;
“6” represents epicatechin-3-gallate (ECG) with a retention time of 7.13 min; and “7” represents taxifolin
(TF) with a retention time of 7.32 min.
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2.3. 16S rDNA-Based Meta-Genomic Analysis of Tea Root-Associated Bacteria

According to rarefaction analysis, the number of Operational Taxonomic Units (OTUs) for 16S
rRNA plateaued after 45,000 sequences at 97% similarity (Figure 2). This implied that the sequence
depth was sufficient to relatively and accurately capture the diversity and richness of these samples.
A total of 1,452,893 (average: 69,185) reads were analyzed by pyrosequencing. In total, 1,442,103
(average: 68,672) reads were paired successfully with 16S rRNA. After removing short and low-quality
reads, singletons, replicates, and chimeras, 1,363,660 high quality reads (average: 64,936) were obtained
from 21 samples. In total 1,210,023 tags (average: 67,223.5) were classified into 1,166,269 (average:
64,792.72) taxa tags. Based on ≥97% similarity, taxa tags were clustered into 54,719 (average: 2606)
OTUs ranging from 1695 to 3684 per sample. In these taxa tags, 99.1% were classified as various bacteria,
which primarily consist of 45 phyla, whereas the remaining 0.9% were classified as Archaea (Figure S2,
Supplemental Dataset 1–5). Heat map analysis (Figure 3a) showed that the dominant bacterial
phyla in bulk soil (CK) were Proteobacteria (Phenylobacterium, Haliangium, Halomonas, Delftia, and
Sorangium) and Acidobacteria (Bryobacter and Candidatus_solibacter). In rhizosphere of the 30-year-old
tea plantation (RS30) Mizugakiibacter, Rodanobacter, Acidobacterium, Granulicella, Telmatobacter, and
Verrucomicobia, while in rhizosphere of the two-year-old tea plantation (RS2) Halomonas, Acidobacter,
Mizugakiibacter, Acidobacterium, Granulicella, Telmatobacter, and Acidothermus genera were the most
dominant. In rhizoplane of the two-year-old tea plantation (RP2) Cyanomonas and Arthobacter,
while in rhizoplane of the 30-year-old tea plantation (RP30) Arthobacter and Sphingomonas were
the most dominant genera. In endosphere of the two-year-old tea plantation (ES2) Burkholderia,
Bradyrhizobium, Dyella, Sphingomonas, Rhizobium, Cyanobacteria, and Actinospica were dominant,
while in endosphere of the 30-year-old tea plantation (ES30) Novosphingobium, Pseudomonas, Shinella,
Rhizobium, Delfia, Sphingobacterium, Dyadobacter, Flavanobacterium, Chryseobacterium, and Oerskovia
were the most dominant genera. The most dominant phyla across all the samples were Proteobacteria,
Acidobacteria, Cyanobacteria, Chloroflexi, Actinobacteria, Bacteroides, Nitrospirae, Verrucomicobia (WD272),
Gemmatimonadetes, and Firmicutes accounting for 90–96% of the bacterial sequences (Figure 3b).

Figure 2. The rarefaction curve based on 97% similarity. CK1, CK2, CK3 refer to the bulk soil, RS21, RS22,
RS23 represent rhizosphere of the two-year-old tea plantation, RP21, RP22, RP23 represent rhizoplane
of the two-year-old tea plantation, and ES21, ES22, ES23 represent endosphere of the two-year-old tea
plantation respectively. While RS301, RS302, RS303 represent rhizosphere of the thirty-year-old tea
plantation, RP301, RP302, RP303 represent rhizoplane of the thirty-year-old tea plantation, and ES301,
ES302, ES303 represent endosphere of the thirty-year-old tea plantation respectively.
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Figure 3. (a) Heat map showing the distribution of the 35 most abundant genera. (b) Distribution of
the top 10 most abundant phyla in bulk soil (CK), rhizosphere of the two-year-old tea plantation (RS2),
rhizoplane of the two-year-old tea plantation (RP2), endosphere of the two-year-old tea plantation
(ES2), rhizosphere of the thirty-year-old tea plantation (RS30), rhizoplane of the thirth-year-old tea
plantation (RP30) and endosphere of the thirty-year-old tea plantation (ES30).

2.4. Distinct and Overlapping Bacterial Communities of Root-Associated Bacterial Communities across
Different Tea Plantations of Different Ages

According to Chao1 and ACE estimators (Figure 4a,b), the rhizosphere, rhizoplane, and
endosphere of the newly planted tea garden showed higher bacterial community richness than
the continuous (30-year) monocropping tea field. Although the Shannon and Simpson diversity
indices decreased significantly in the rhizoplane and endosphere of the continuous monoculture
plants (30-year) when compared to the fresh tea plantation and the uncultivated field (Figure 4c,d),
no significant differences were observed for the rhizosphere. Moreover, in the rhizo-compartments
of the same type of tea garden, bacterial community richness showed a decreasing gradient from
the rhizosphere toward the endosphere (Figure 4), but the alpha diversity in the same type of tea
garden showed varying gradients. These results suggest that continuous monoculture could impact
the variance in diversity and abundance of the bacterial communities in root-associated microbiomes
within the samples.
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Figure 4. α-diversity indices including calculations of (a) abundance-based coverage estimators (ACE),
(b) Chao1, (c) Shannon, and (d) Simpson in bulk soil (CK) and in various rhizo-compartments of
different tea plantations of different ages: RS2, RP2, ES2, RS30, EP30 and ES30.

β-diversity was estimated by using both weighted (based on the abundance of taxa) and
unweighted (sensitive to rare taxa) UniFrac distance matrices between samples. The weighted UniFrac
principal coordinate analysis (PCoA) depicted that the bacterial communities in bulk soil and the
rhizosphere were separated from the rhizoplane and endosphere and clustered along the principal
coordinate axis-1, while the RP and ES were clustered along axis-2 (Figure 5a). Moreover, unweighted
UniFrac PCoA analysis showed that the bacterial communities in the bulk soil and rhizosphere were
different from the RP and ES and clustered along principle coordinate axis-1, and the RP and ES
clustered along principle component axis-2 (Figure 5b).The unweighted pair group method with
arithmetic mean (UPGMA) clustering analysis clearly indicated the differences in bacterial community
structure among different samples, and similar results were observed for the same sample when
analyzed in triplicate (Figure 5c). The weighted and unweighted UniFrac distances between CK and
RS2 were 0.184 and 0.478, respectively and were 0.223 and 0.479 between CK and RS30, respectively.
In comparison with CK and newly planted tea (RS2, RP2, and ES2) the weighted and unweighted
UniFrac distances increased in the 30-year-old tea plantation (RS30, RP30, and ES30) (Figure 5d).
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Figure 5. Biplot ordination of (a) weighted UniFrac principal coordinate analysis (PCoA) and
(b) Unweighted UniFrac (UUF) principal coordinate analysis (PCoA) among various samples.
CK represents a nearby uncultivated field, while RS2, RP2, and ES2 represent the rhizosphere,
rhizoplane, and endosphere of the two-year tea plantation, and RS30, RP30, and ES30 represent
the rhizosphere, rhizoplane, and endosphere of the 30-year-old tea plantation. (c) UPGMA/hierarchical
clustering analysis based on weighted UniFrac distances showing the relative abundance of the most
abundant bacterial phylum in various rhizo-compartments of different tea plantations of different
ages. (d) β-diversity heat map based on weighted (WUF) and unweighted (UUF) UniFrac distances.
Values in the upper and lower corners represented the WUF and UUF distances.

2.5. Interactions of Bacterial Abundance with Soil Physio-Chemical Properties and Root Exudates

Redundancy analysis was performed to study the relationships between root exudates, soil
physical and chemical properties, and the abundance of bacterial phylum. Strong associations were
found among available nitrogen (AN), total nitrogen (TN), available potassium (AK), and available
phosphorus (AP) with the abundance of WD272, Cyanobacteria, and Actinobacteria, clustering along
axis-1 in the two-year-old tea plantation (Figure 6). Although most of the bacterial phylum depicted
a strong negative correlation with the soil pH, the Acidobacteria, Gemmatimonadetes, and Nitrospirae
had a strong positive association with soil pH, clustering along axis-2 in both the bulk soil and the
30-year-old tea plantation (Figure 6). The abundance of Bacteroidetes and Proteobacteria were found
to be highly associated with soil moisture (MOS) in the 30-year-old tea plantation compared to the
two-year-old tea plantation (Figure 6). However, Chloroflexi and Actinobacteria showed a strong positive
association with the total phosphorus (TP), but were negatively associated with the soil moisture.
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Figure 6. Redundancy analysis (RDA) Triplot (RDA on a covariance matrix) of the correlation between
the most abundant phylum of bacteria and soil physiochemical properties, such as total phosphorus
(TP), total nitrogen (TN), available nitrogen (AN), available potassium (AK), available phosphorus (AP),
and pH across the various rhizo-compartments of the different tea plantations of different ages, where
rhizosphere RS2 and RS30 are the rhizosphere, RP2 and RP30 are the rhizoplane, and endosphere ES2
and ES30 are the endosphere in two-year and 30-year-old tea gardens, respectively. The arrow length
and direction correspond to the variance that can be explained by the environmental and response
variables. The direction of an arrow indicates the extent to which the given factor is influenced
by each RDA variable. The perpendicular distance between the abundance of bacterial phyla and
environmental variable axes in the plot reflects their correlations. The smaller the distance, the stronger
the correlation.

Redundancy analysis (RDA) ordination between root exudates, allelechemicals, and bacterial
phylum abundance depicted that the abundance of most bacterial phylum, except Proteobacteria,
Bacteroidetes and Firmicutes, had a strong negative association with PCA, TF, EC, and EGC cluster
along the first axis (RDA1) in the 30-year-old tea plantation (Figure 7). On the other hand, C was
clustered along RDA axis-2 was strongly associated with most of the bacterial phyla (Figure 7).
These results clearly indicate that the higher concentration of allelochemicals (PCA, TF, EC, and EGC)
play a significant role in the declining bacterial communities in the 30-year-old tea plantation.
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Figure 7. RDA Triplot (RDA on a covariance matrix) of the correlation between the most
abundant phylum of bacteria and root exudates, such as C, EGC, EC, TF, and PCA, across various
rhizo-compartments of different tea plantations of different ages, where the rhizosphere is represented
by RS2 and RS30, the rhizoplane by RP2 and RP30, and the endosphere by ES2 and ES30, in two-year
and 30-year-old tea gardens, respectively. The arrow length and direction correspond to the variance
that can be explained by the environmental and response variables. The direction of the arrow indicates
the extent to which the given factor is influenced by each RDA variable. The perpendicular distance
between abundance of the bacterial phyla and the environmental variable axes in the plot reflects their
correlations. The smaller the distance, the stronger the correlation.

3. Discussion

The results shown here provide an insight for addressing the problems related to continuously
growing a ratooning tea monoculture through the characterization of the microbiome, combined
with the finer population structural details. Our design allowed us to successfully elaborate on
the influence of a continuously monocultured tea plantation on its microbial community associated
with all three rhizo-compartments. Moreover, this process also permitted us to reveal the extent to
which plant-microbial interactions were mediated by the soil physio-chemicals and root exudates.
Specifically, we characterized the microbial compositions of three distinct rhizo-compartments: the
rhizosphere, rhizoplane, and endosphere, and showed the influence of external factors on each of these
rhizo-compartments in bulk soil, on a fresh tea plantation, and an old tea plantation. Although these
impacts were not significant, we found that the α- and β-diversity of microbes differ significantly
across plantations of different ages. Depiction of RDA ordinations illustrated the association of
bacterial phylum over time with the changing concentration of soil physiochemical properties and
plant root exudates.
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Recent studies on microbiomes have illustrated the power of deeper sequencing in describing
the structural composition of plant microbiomes covering a geographical range of cultivation [40].
By adapting a deeper sequencing approach [35,41] most studies showed only the microbial abundance
and impact of soil physiochemical properties on the microbiota present in the rhizosphere. However,
the diversity and abundance of microbiota present in all three rhizo-compartments, and the influence
of both soil physio-chemicals and root exudates, have not been previously studied together in for tea
crops in plantations of different ages. To address this, we successfully adapted previously-described
protocols for the removal of microbes from all three rhizo-compartments of new and old tea plantations.
We found that the microbial communities, associated with rhizo-compartments under three field
conditions, were chiefly clustered by the difference in the age of the tea plantations, which is in
accordance with the previous work showing the effects of continuous plantation on soil-associated
microbes [41,42]. However, the microbiota associated with the rhizosphere, rhizoplane, and endosphere
in the same field did not show a significant difference. Peiffer et al. [42] also showed that field
conditions did not affect the patterns of variations among the rhizo-compartments. Furthermore, we
observed a greater α- and β-diversity of microbiota across plantations of different ages. These results
suggest that the increasing age of the tea plants affects the microbiota in all three rhizo-compartments.
Heat map analysis showed that most of the beneficial microbial genera, such as Halomonas, Cyanomonas,
Burkholderia, Bradyrhizobium, Dyella, Rhizobium, Cyanobacteria, and Actinospica that are involved in
the carbon, sulfur, and nitrogen cycles as well asprobiotics, decreased with the increasing age of
the ratooning tea monoculture tea plantation. Zhao et al. [35] also showed that beneficial bacteria
decreased and harmful bacteria increased with increasing age of Pseudostellaria heterophylla plantations.
As the richness and β-diversity of microbiota clearly indicate differences across different-aged tea
plantations, we hypothesized that these variations are chiefly governed-over time by the imbalance of
soil physiochemical and/or root exudates in tea fields.

Our results showed no significant difference in the soil nutrients (N, P, and K).Only soil pH
significantly decreased in the 30-year-old tea plantation when compared with the bulk soil and the
two-year-old tea field, which resulted in lowering the abundance of rhizospheric microbiota, such
as Actinobacteria, Cyanobacteria, Chloroflexi, and WD272 [35], and showed direct association with
Nitrospirae, Gemmatimonadetes, and Acidobacteria. On the other hand, Proteobacteria and Bacteroidetes
were the most dominant bacterial group present in the 30-year-old tea plantation [43,44], which may be
because these bacterial taxa prefer to live in a root vicinity with nutrient deficiency, high soil moisture
(MOS), and lower pH. Previous studies on bacterial communities have clearly shown that nutrient
deficiency did not significantly impact the soil microbiota, however soil pH was proven to be the most
influential factor in shaping the soil microbiota [45–47]. The actual cause of a reduction in pH in older
tea plantations was not studied until now, so we hypothesized that soil pH in the 30-year-old soil
decreases with the increasing level of root exudates (allelochemicals).

Our results depicted higher levels of PCA, TF, EC, and EGC in ratooning 30-year-old tea
monocropping fields, which may cause the lowering of soil pH over time [48]. In previous studies [32],
C and EC were the carbon sources of some protobacteria, such as Pseudomonas, which either directly
affected growth of the plant or indirectly affected it by biotransformation into more toxic compounds
like TF and PCA. In our results, we showed that accumulation of these organic acids, such as PCA,
could change the pH of the 30-year-old tea plantation over time. In the RDA study, the Proteobacteria,
Bacteroidetes, and Firmicutes showed strong association with increasing levels of EC, EGC, TF, and PCA.
Whereas C, which is secreted by the roots of young tea plants in significant amounts, could act as a raw
source for catechin’s degradation of bacteria. For example, these results provide evidence that the
rhizospheric microbiota in different aged tea plantations is influenced by pH and is indirectly affected
by the carbon source-to-sink relationships within the plants [42]. In addition, these results suggested
that the excessive accumulation of catechins can be prevented by removing the carbon sink sources,
such as removal of fallen tea leaves and other plant debris from the soil.
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In conclusion, the dynamic shift in microbiomes across a continuously monocultured tea
plantation were related to root exudates. Moreover, soil pH changed with the changing level of
root exudates (PCA), ultimately causing a decline in the population of pH-sensitive microbiota with
continuous tea monocropping. Our findings suggest that removal of plant debris and pruned tea
leaves from the soil can prevent the accumulation of PCA, TF, and EC, which may delay the reduction
in soil pH. However, future research is needed to further explore the underlying mechanisms of
rhizoshperic microbial interactions mediated by root exudates and to identify the contributing factors
to soil sickness in continuous tea monocropping.

4. Materials and Methods

4.1. The Collection of Plant and Rhizosphere Soil Samples

Plant leaves, roots, and soil samples of tea were collected from freshly planted (2 years old) and
old (30 years old) tea fields, and bulk soil was obtained from nearby uncultivated fields, located in the
observation station in Anxi county (117◦36′–118◦17′ E, 24◦50′–25◦26′ N) on the south coast of Fujian
province, China. These tea fields and nearby uncultivated tea fields shared the same environmental
conditions and agronomic management. The sampling depth was about 30 cm in a range of about
25 cm from the root of the plant. Tea roots were carefully uprooted from the soil with a forked spade
and slightly shaken to remove loosely attached soil. The rhizosphere soil tightly attached to the roots
was brushed off and collected. The distance between the two plants was 0.5–0.7 m. The tea plants
were 1.2 m in height and 0.9–1.2 m in width. At the time of sampling, the samples were taken at
random, and each of the treatments included 15 rhizosphere soil samples. An ice box was used to
bring the collected soil samples back to the laboratory. In order to reduce the error caused by spatial
heterogeneity, five random sampling points within the 15 sampling sites were mixed into one soil
sample, and three soil samples were obtained for each treatment [22]. To determine the microbial flora,
we followed the method proposed by Edwards et al. [49] with little modification. Briefly, bacterial
communities were derived from three different soil and tea plant compartments; the RS comprised
of the soil tightly adhering to the root surface, the RP consisted of the suite of microbes present on
the root surface by sonication, and the ES covered the interior of the same plant roots after sonication.
A five-point sampling method was used [13] to make one sample with three replicates. All the samples
were stored at −80 ◦C.

4.2. Quality Parameters and Soil Properties Determination

Quality parameters such as the anine (TNN), theophylline (TPY), total polyphenols (TPP), and
total free amino acids (TAA) of tea plantations of different ages were determined by the method
of Peng et al. [50]. Soil pH was determined using a glass electrode pH meter (1:2.5 soil to water
suspensions). Soil moisture (MOS) and water content (WC) of tea leaves were measured by the
following Oven Drying Method. Total Potassium (TK), TN and TP were measured by the NaOH melt
flamer method, dichromate oxidation, and Kjeldahl digestion respectively [51]. AP was extracted by
using ammonium fluoride and hydrochloric acid and measured by the following Molybdenum Blue
Method. AN was calculated by the alkaline hydrolysable method. AK was extracted using ammonium
acetate and determined by flame photometry [52].

4.3. Identification and Quantification of Allelochemicals from Tea Root Exudates

To identify and quantify allelochemical concentration in tea roots exudate samples, ≥98%
pure C, ECG, EGC, EGCG, EC, PCA, and TF were purchased from Cayman Chemical (1180 E.
Ellsworth Road, Ann Arbor, MI, USA) as external standards. HPLC–MS grade methanol and formic
acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Firstly, the stock solutions were
prepared by dissolving 1–2 mg of each standard in 1–2 mL of solution containing 99.9% methanol
and 0.1% acetic acid by volume. To obtain the calibration curves, serial dilutions were performed
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using the same solvent as used to prepare the stock solutions at different concentrations ranging
between 1.25–10 μg/mL. A 10-μL aliquot of all solutions were injected for HPLC–ESI–MS analysis.
Good linearity over the calibration range was achieved with all coefficients of correlation >0.998.
The concentration of catechins from roots and soil was determined by following the method of
Wang et al. [32] with slight modifications. Ten grams of soil, and 5 grams of roots and leaves were
vortexed in a 15-mL solution containing 0.1% acetic acid and 50% methanol by volume at 150 rpm
for 24 h. The sample was then centrifuged for 10 min at 4500 rpm and supernatant fluid was moved
to a sample collection vial to perform liquid chromatography (LC). Following this, HPLC–ESI–MS
was carried out using T3 RP-18 column (100 × 2.1 mm; 5 μm; Waters, Milford, MA, USA) eluted with
buffer A (Sigma-Aldrich Co., St. Louis, MO, USA) (0.1% acetic acid) and buffer B (EMD Milliopre
Corporation, Billerica, MA, USA) (100% methanol) at a flow rate of 300 μL/min at 25 ◦C. Initially,
the column was eluted with 95% buffer B, followed by a linear increase in buffer A to 35% from
0–10 min, and further maintained in 90% buffer A for 5 min. Then, a linear increase in buffer B to
95% was maintained. Finally, the column was maintained in 95% buffer B for 8 min. The total time
for running one sample was 19 min. The negative ionization mode was selected to perform mass
spectrometry at a temperature of 100 ◦C, and ion scans were carried out at low-energy collision (20 eV)
using nitrogen as the collision gas. All the data from HPLC–ESI–MS were processed to determine the
mean concentrations of the selected catechin compounds in each sample, by using Bruker Daltonics
Data analysis software version 4.0 (Thermo Fisher Scientific, Waltham, MA, USA).

4.4. DNA Extraction and Purification

Whole genome DNA was extracted from bulk soil, rhizosphere, rhizoplane, and endospheric
samples by using Fast DNATM Spin Kit, specialized for extracting DNA from soil, following the
manufacturer’s instructions manual (MP Biomedical, Santa Ana, CA, USA). Then all the DNA samples
were subjected to gel electrophoresis and further purification, using Universal DNA Purification Kits
according to the manufacturer’s instructions (Tiangen Biotech Co., Ltd., Beijing, China). DNA was
quantified by using Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA) before being stored at
−20 ◦C for further molecular analysis.

4.5. The Metagenomic Analysis of the Root-Associated Rhizo-Compartment Bacteria

Purified DNA samples were sent to Novogene Bioinformatics Technology Co., Ltd. (Beijing, China)
to determine the bacterial community structure. Prior to high throughput sequencing, 16S V4, a distinct
gene region of 16S rRNA, was amplified using specific primer 515F-806R with barcodes [53]. All PCR
reactions were conducted using 30 μL total reaction volume with 15 μL of Phusion® High-Fidelity
PCR Master Mix (New England Biolabs (Beijing) Ltd., Beijing, China) containing ~10 ng template
DNA and 0.2 μM of each primer pair. The PCR condition set was denaturation at 98 ◦C for 1 min,
followed by 30 cycles of denaturation at 98 ◦C for 10 s, annealing at 50 ◦C for 30 s, and elongation at
72 ◦C for 60 s, with a final extension at 72 ◦C for 5 min. Then electrophoresis using 2% agarose gel
solution was performed to verify the successful DNA amplification mixing PCR products with the
same amount of 1× loading buffer containing SYB green (TIANGEN, Beijing, China). Samples showing
main strip brightness ranging between 400–450 bp was selected for further sequencing. PCR products
were purified by using Gene JET Gel Extraction Kit (Qiagen, Hilden, Germany) prior to sequencing.
Sequencing libraries were created in Illumina using specialized NEB Next® Ultra™ DNA Library Prep
Kit (New England Biolabs (Beijing) Ltd., Beijing, China) according to the manufacturer’s instructions
and index codes were added. The quality of the developed sequencing library was checked in both
the Agilent Bioanalyzer 2100 system (Agilent, Santa Clara CA, USA) and the Qubit® 2.0 Fluorimeter
(Thermo Fisher Scientific, Waltham, MA, USA). Finally, 250/300bp paired-end reads were generated
on an Illumina MiSeq platform (Illumina, San Diego, CA, USA).
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4.6. Statistical and Bioinformatics Analysis

Raw sequences were classified according to the specific barcode assigned to each sample, using
Quantitative Insights Into Microbial Ecology (QIIME) (CO, USA) [53]. Paired-end reads were merged
from the original DNA segments using FLASH (Baltimore, MD, USA) [54]. Paired-end reads were
assigned to each sample according to the unique barcodes attached with DNA fragments. Sequences
were analyzed using UPARSE-OTU and UPARSE-OUT reference algorithms with UPARSE software
package (CA, USA). Alpha (within samples) and beta diversity (among samples) were calculated using
QIIME (CO, USA) [53]. The same Operational Taxonomic Units (OTUs) were assigned to the sequences
with ≥97% in each sample. One representative sequence was selected for each OTU to annotate the
taxonomic information of each representative sequence by using the RDP classifier.

To measure the Alpha diversity within the sample, we rarified the OUT table and then four
diversity matrices were calculated: Chao1 estimates the species abundance, and the Observed Species,
Simpson, and Shannon indices were used to determine the community diversity. Moreover, rarefaction
curves were developed for each of these four indices. Abundance of each bacterial taxa, from phylum
to species, was shown graphically using a Krona Chart. Beta diversity (among samples) was measured
for both weighted and unweighted UniFrac distances using QIIME (Version 1.7.0) (CO, USA). Principal
Component Analysis (PCA) and Principal Coordinate Analysis (PCoA) were performed and visualized
using R (Version 2.15.3) packages; stat, WGCNA and ggplot2 (Elegants graphics for data analysis,
New York, NY, USA). We identified the association of the most abundant bacterial phylum with
selected soil physiochemical properties and root exudates using partial-RDA [55], and triplots were
generated using vegan and ggplot2 packages in R software (R version 3.3.1) (Foundation for Statistical
Computing, Vienna, Austria).

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/8/1727/s1.
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