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Abstract 

 

The ability of the biological control agents (BCAs) to colonize plant tissues is an 

important feature involved in microbe-assisted plant protection. Plant-microbe 

interaction research increased especially in the last decade thanks to technological 

revolution. Molecular methods and the development of advanced microscopic 

techniques allow researchers to explore gene expression and localization of beneficial 

microorganisms within plants. The green fluorescent protein (GFP) and its modified 

version, enhanced GFP (EGFP), more adapt for expression in mammalian cells and 

GC-rich actinomycetes like Streptomyces, have been widely used as markers to study 

gene expression, as well as plant-microbe interactions. Aside fluorescent protein 

approaches, fluorescence in situ hybridization (FISH) is another frequently used 

technique to visualize microbial colonization patterns and community composition by 

application of specific fluorescent probes. Firstly, we transformed five Streptomyces 

strains, which showed strong inhibition activity against Sclerotinia sclerotiorum, with 

the EGFP construct by the conjugation method. The conjugation efficiencies varied 

between the strains, but were comparable to the reference strain. The fitness of 

transformed strains was similar to wild-type; the transformants maintained similar 

sporulation, mycelium growth rate, and the ability to produce important secondary 

metabolites and lytic enzymes. Secondly, two transformed strains, Streptomyces 

cyaneus ZEA17I, and Streptomyces sp. SW06W, were used to study lettuce 

colonization dynamics by seed coating method. Their spatio-temporal dynamics were 

determined in sterile substrate. The strains were consistently recovered from lettuce 

rhizosphere and inner root tissues up to six weeks. Finally, the colonization pattern of 

lettuce by Streptomyces cyaneus ZEA17I was examined by both EGFP and FISH 

approaches combined with confocal laser scanning microscopy (CLSM). For FISH-

CLSM analysis, universal bacteria and Streptomyces genus specific probes were used 

to label S. cyaneus ZEA17I. The consistent presence of the labeled strain at the lettuce 
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root one week after sowing showed that Streptomyces spores could rapidly germinate 

and produce filamentous mycelium on lettuce. S. cyaneus ZEA17I was detected also 

on two-week-old roots, indicating the long-term survival ability of this strain in 

lettuce rhizosphere. Altogether, the antagonistic activity, rhizosphere and root 

competence showed by the Streptomyces conferred their potential to act as BCA. 

Further studies on the complex host-pathogen-antagonist interactions will provide 

additional knowledge to understand the modes and mechanisms of Streptomyces-

mediated plant protection. 

 

Key words: Streptomyces, biocontrol, lettuce, EGFP (enhanced green fluorescent 

protein), FISH (fluorescence in situ hybridization), CLSM (confocal laser scanning 

microscopy, colonization. 
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Introduction 

 

Lettuce 

 

Lettuce (Lactuca sativa) is an annual plant in the family Asteraceae. It was first 

cultivated as a food plant by ancient Egyptians by turning it from a weed plant.  The 

English word of "lettuce” was derived from roman “lactuca”, as the lettuce cultivation 

was introduced from Egypt to Greece and ancient Rome. According to the Food and 

Agriculture Organization (FAO), the global production of lettuce in 2010 reached 

23,620,000 metric tons (FAO, 2014). Among the countries, China produces more than 

50%. Following high production countries are the United States and Italy. However, 

the cultivars in the United States and European countries are very different from those 

commonly used in China. The cultivar, Woju, also called asparagus lettuce, is widely 

grown for its stems, and can be eaten either raw or cooked (Kadam and Salunkhe, 

1988). Instead, in the United States and Europe, four main botanic types of lettuce are 

grown: L. sativa capitata (L.) Janchen, butterhead lettuce; L. sativa crispa L., 

chrisphead lettuce; L. sativa longifolia (Lam.) Janchen, romaine lettuce or cos lettuce; 

L. sativa acephala Dill., leaf lettuce (Mou, 2008). Different cultivars of these lettuce 

types are grown mainly as salad plants.  

 

The Lombardy region, located in northern Italy, is one of the most important areas of 

lettuce production in Italy. Lettuce is produced in this area commonly in fields or in 

greenhouses under plastic tunnels. Farmers sow lettuce in greenhouses and transplant 

it in the field. Some producers also sow lettuce directly into the field. Leaf lettuce is 

harvested about 50 days after transplanting, while head lettuce takes up to 75 days. 

Lettuce is considered as a good source of vitamin A and potassium, as well as a minor 

source of several other vitamins and essential nutrients (Llorach et al., 2008). Though 

it is generally grown as a hardy annual plant, and its cultivation is relatively easily, 

the growth can be negatively affected by numerous nutrient deficiencies, as well as by 
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plant pathogens (Broadley et al., 2000; Garibaldi et al., 2014). Particularly in 

Lombardy area, the commercial lettuce cultivation is challenged by several aggressive 

soil borne fungal pathogens. Fusarium wilt of lettuce, which was first reported in 

eastern Asia and USA (Matuo and Motohashi, 1976; Hubbard and Gerik, 1993), 

became a serious threat in Italy since 2001 (Garibaldi et al., 2002). The Fusarium 

oxysporum von Schlechtendal can be transmitted by infected seeds (Garibaldi et al., 

2004a). Growing lettuce repeatedly every year in the same soil is regarded as one of 

the main factors contributing to increase the disease severity. Wilt can be observed on 

young seedlings as the first disease symptom and afterwards, the stunted affected 

plants develop yellowed leaves and brown or black streaks in the vascular system 

(Garibaldi et al., 2004b). Root Verticillium wilt caused by Verticillium dahliae Kleb is 

another common lettuce soil borne fungal disease (Atallah et al., 2011), widespread 

all over the world. The pathogen, Thielaviposis basicola (Berk & Broome) Ferraris, 

infesting lettuce roots in the field was reported near Bergamo, Lombardy region 

(Garibaldi et al., 2005). The disease symptoms included reduced seedling growth, 

brown-stunted root tissues, and extensive chlorosis that later extended to crown of the 

plants.  

 

Basal drop, caused by Sclerotinia spp., is globally one of the most destructive diseases 

of lettuce. The disease is widely reported in northern Italy (Bonaldi et al., 2014). S. 

sclerotiorum (Lib.) de Bary and S. minor Jagger are the most common causal agents 

of lettuce basal drop. However, in most cases, only one of the two species is present 

and causes yield losses in the same location (Van Beneden et al., 2009). Lettuce drop 

disease symptoms caused by other Sclerotinia species were rarely reported. For 

instance, S. nivalis I. Saito was reported to infect and cause basal drop in China (Li et 

al., 2000). Interestingly, the lettuce cultivar that S. nivalis infected was the Chinese 

one, Woju, which is mainly cultivated in China and in some other Asian countries. 

Lettuce basal drop has a specific epidemiology. The pathogen, Sclerotinia spp. can 

survive in the field as sclerotia in soil for extended periods, as well as mycelium on 
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dead plant tissues. Sclerotia can infect the lettuce crown, roots, and leaves at any stage 

of plant development. The hyphae arising from sclerotia penetrate lettuce, directly 

through senescent leaves and through root tissues, causing wilting and could cause 

complete plant collapse in less than two days - therefore the appropriate name 

“Sclerotinia Drop”. The sclerotia of S. sclerotiorum are usually larger than those of S. 

minor. Though they have similar disease cycles, sclerotia of S. sclerotiorum can 

germinate also in shaded areas on the soil surface when moisture is favorable to 

produce apothecia, which release ascospores into the air for a period of 2 to 3 weeks. 

These ascospores are carried by air currents and deposited on healthy lettuce plants, 

which subsequently become infected. The disease cycle of both S. sclerotiorum and S. 

minor are described in figure 1 (Subbarao, 1998). 
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Figure 1.  Disease cycle of Sclerotinia Sclerotiorum and S. minor on lettuce 

(Subbarao, 1998). 
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Chemical, cultural, biological, and physical control methods are used to manage soil 

borne fungal pathogens. Among these, soil solarization is widely used by exploiting 

the solar energy to increase the soil temperature to levels at which many soil borne 

fungal plant pathogens would be killed or weakened. Both Fusarium wilt and 

Verticillium wilt can be reduced with consistent soil solarization (Chellemi et al., 

1997; Tamietti and Valentino, 2001). This method was able to reduce the sclerotia 

populations of S. sclerotiorum in soil, as well as to weaken the ability of the surviving 

sclerotia to form apothecia (Katan et al., 1987; Phillips, 1990). However, one of the 

main critical points of this method is its potential impact on soil beneficial 

microorganisms. Both positive and negative effects on bacterial and fungal 

populations have been observed (Barbour et al., 2002; Culman et al., 2006; Bonanomi 

et al., 2008). Despite the effects on microbial community, soil solarization also has a 

negative impact on bacterivores and fungivores, organisms that feed on bacteria and 

fungi, and therefore aid in decomposition of soil organic matter, like free-living 

nematodes (Wang et al., 2006b; Marahatta et al., 2012). Chemical management of 

soil borne fungal pathogens, including S. sclerotiorum on lettuce, was intensively 

applied. Several fungicides, such as iprodione and vinclozolin showed modest level of 

lettuce drop control. However, limited by rapid degradation in soil, the ability of 

iprodione and vinclozolin to control lettuce drop under intensive lettuce cultivation 

was weak (Chitrampalam et al., 2008). Additionally, resistance to fungicides, 

including iprodione in S. sclerotiorum has been reported under laboratory conditions 

(Liu et al., 2009). Furthermore, overuse of pesticides resulted in various side effects 

to human and environment. Meanwhile, higher level of disease control than that 

provide by fungicides are desired. In the following chapter, I will discuss the 

significance of the biological control method for pest and disease management, and 

possible biological control agents that could be used to control soil borne fungal 

pathogens, including S. sclerotiorum. 
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Towards sustainable agriculture: the application of biological control 

agents 

 

Food security is one of the current challenges to human development. Plant diseases 

need to be under control to maintain the quality and abundance of food. The pest 

management, including plant pathogen control, is becoming more and more important 

due to massive growth of the human population, as well as global climate change. 

According to current projections of population growth, the world population will 

continue to grow until at least 2050, and possibly reach 11 billion by then (Van Den 

Bergh and Rietveld, 2004). Different strategies and methods could be utilized to 

prevent, mitigate or control plant diseases. The chemical pesticides have been heavily 

used in current agriculture, and various side-effects of high chemical input and toxic 

residue occurrence have been proved a serious threat to environment, human, and 

other animals (Kohler and Triebskorn, 2013; Lamberth et al., 2013). Except for the 

negative impact mentioned above, the excessive use of chemical pesticides may have 

slowed down the genetic improvement of crop yield (de Ponti et al., 2012; Hossard et 

al., 2014). Nowadays, strict regulations on chemical pesticide use are implemented in 

all European countries, and there is social pressure to remove the most hazardous 

chemicals from the market. In the European Union countries, new restrictions for the 

use of chemicals are being imposed with the new European Directives 2009/128/EC 

and 1107/2009, which also promote the use of other environmentally friendly 

methods if they show similar level of control activity (ECPA, 2009). As a result, plant 

protection scientists are making efforts in developing alternative methods for disease 

management. One of these possible approaches is biological control (Cook et al., 

2007). 

 

The definition of biological control first came with the use of natural enemies to 

control insect pests (Smith, 1919). In plant pathology, biological control, or its 

abbreviated synonym biocontrol, applies to the application of microbial antagonists to 

suppress plant diseases (Handelsman and Stabb, 1996). The first recorded use of a 
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biological control agent (BCA) can be traced back to the 3rd century in China, where 

nests of the ant Oecophylla smaragdina Fabricius, were commercially sold near 

Canton to control citrus insect pests such as Tessaratoma papillosa Drury 

(Heteroptera)  (van Lenteren, 2005). Research and practical application of biocontrol 

grew very slowly along human history until the introduction of Vedalia beetle, 

Rodolia cardinalis Mulsant, to control cottony cushion scale in 1888 (Altieri, 1991). 

The general awareness and attention to biocontrol came after 1962, when the Rachel 

Carson’s book “Silent Spring” was published. The book described a situation in the 

USA, where birds disappeared in spring because of the overuse of chemical 

pesticides. Accompanied with the hot discussion within human society after the 

publication of this book, the concept of integrated pest management (IPM) was 

implemented in the late 1960’s  (Kogan, 1998). Later, biological control became the 

core component of IPM (Cook et al., 2007). With the “Silent Spring”, biocontrol 

research also met the spring.  

 

Both in entomology and plant pathology, the organisms used to control insects and 

pathogens are referred to as the BCAs (Alabouvette et al., 2006; Barratt et al., 2010). 

An expanded definition of biocontrol has been proposed, in which genetic 

improvement of the plants and application of natural products extracted or fermented 

from organisms are considered as biocontrol methods (Tjamos et al., 2010). However, 

such a wide scope definition caused subsequent debate and it was often considered 

overbroad by plant protection scientists working in biocontrol (Pal and Gardener, 

2006). In more accepted concept, biocontrol is organism-based, and the discovery of 

new BCA is one of the targets of biocontrol research. The mechanisms of microbial 

assisted biocontrol may involve: inhibition of the pathogen by producing 

antimicrobial secondary metabolites; inactivation of pathogen germination factors 

present in seed or root exudates; degradation of pathogen pathogenic factors such as 

toxins; competition for iron by production of siderophores; competition for host 

colonization sites and nutritional resources; induction of plant systemic resistance; 
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plant growth promotion (PGP); parasitism of pathogens by producing cell wall‐lytic 

enzymes, for example chitinase and β‐1,3 glucanase (Fravel, 1988; Emmert and 

Handelsman, 1999; Suarez-Estrella et al., 2013; Glick, 2015). In practice, different 

mechanisms may work solely or concurrently, or to be combined without disturbing 

each other in terms of suppressing plant pathogens (Compant et al., 2005). 

 

Until now, Coniothyrium, Trichodema, Bacillus, and Pseudomonas species have been 

widely studied as BCAs against different pathogens (Walsh et al., 2001; Howell, 

2003; Jacobsen et al., 2004). In particular, a Coniothyrum minitans W.A. Campb 

strain was considered the most efficient fungal BCA for the control of white mold of 

dry bean caused S. sclerotiorum under Canadian prairie conditions (Huang et al., 

2000).  Other C. minitans strains also showed potential to control S. sclerotiorum on 

lettuce (Budge et al., 1995). Similarly, disease severity of lettuce drop caused by S. 

sclerotiorum under greenhouse conditions was reduced by treating seedlings with a 

peat-bran preparation of Trichodema harzianum Rifai strain (Inbar et al., 1996). 

However, other two Trichodema strains did not show any effect on disease severity of 

S. sclerotiorum on lettuce,  as well as no effect on the survival of the sclerotia (Budge 

and Whipps, 1991). One Pseudomonas chlororaphis Guignard & Sauvageau strain 

showed similar biocontrol efficiencies to a Bacillus amyloliquefaciens Fukumoto 

strain against stem rot of canola caused by S. sclerotiorum. (Fernando et al., 2007). 

Their efficiencies were comparable to fungicide iprodione application. Two B. 

amyloliquefaciens strains showed activity in suppressing Sclerotinia stem rot in 

soybean through the production of antifungal compounds (Alvarez et al., 2012). The 

progress towards the sustainable agriculture never stops, and recalls for new 

biocontrol agents. Streptomyces spp. are one of the potential biocontrol agents needed 

to be understood better, especially the mechanisms involved in pathogen suppression, 

and interactions with the host and pathogens.   
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Streptomyces spp. in nature, and their functions in agriculture  

 

Streptomyces are Gram-positive bacteria, ubiquitously found in soil. They are the 

largest genus of Streptomycetaceae family (order Actinomycetales), and includes 

more than 500 species (Takahashi et al., 2002). In soils, Streptomyces are responsible 

for the turnover of organic matter. In other environments, like aquatic systems, and 

indoor habitats, Streptomyces are also widely represented (Johansson et al., 2014; 

Chen et al., 2015; Rashad et al., 2015). Also agricultural plants harbor abundant 

streptomycetes. Endophytic streptomycetes were isolated from different plant roots 

(Sardi et al., 1992; Taechowisan et al., 2003; Cao et al., 2004).  Compared to other 

bacteria, for example, Escherichia coli Migula, and Bacillus subtilis Ehrenberg (both 

have approximately 4000 predicted genes), Streptomyces have much larger genomes 

(Kunst et al., 1997). The genome of Streptomyces coelicolor A3 (2) encodes around 

7950 predicted genes (Bentley et al., 2002). Moreover, they have filamentous and 

fungi-like life cycle, as shown in Figure 2 (Kieser et al., 2000). The word 

“Actinomyces” comes from Greek and could be translated as “ray fungus” (Waksman 

and Henrici, 1943). For Streptomyces, the production of many secondary metabolites 

that closely relate to their biological functions, is induced when the aerial hyphae 

appear and sporulation starts (Hopwood, 1988). Streptomyces mutants that were 

unable to sporulate, were found to be defective also in production of secondary 

metabolites (Chater K F, 1996; Pope et al., 1996). Thus, sporulation is an important 

feature involved in the Streptomyces biological functions.  

 

Since the 1940s, streptomycetes have been largely exploited in pharmaceutical 

industry. Early Streptomyces-derived antibiotics, Actinomycin, was discovered in 

1940, and following Streptomycin was isolated from Streptomyces griseus Krainsky 

in 1943  (Kingston, 2004). After that, a wide group of new antibiotics derived from 

different Streptomyces species has been discovered. One of the newest ones, 

platensimycin, was isolated from Streptomyces platensis Tresner & Backus (Wang et 

al., 2006a). Currently, Streptomyces-derived antibiotics occupy two thirds of the 



18 
 

current antibiotics market (Demain, 2009). Aside antibiotics, diverse beneficial 

secondary metabolites and enzymes have been identified from Streptomyces. For 

brevity, chitinase produced by streptomycetes was reported to be able to degrade 

fungal cell walls, where chitin is one of the main components (Gupta et al., 1995; 

Mahadevan and Crawford, 1997); the production of siderophores, high-affinity iron 

chelating compounds, is not only responsible for scavenging ferric iron from the 

environment (Compant et al., 2005), but may also directly inhibit the pathogen 

growth by iron competition and stirring plant induced systemic resistance (Loper and 

Buyer, 1991; Audenaert et al., 2002); direct PGP effect was also observed by 

incubating the plant with streptomycetes able to produce auxin, a plant growth 

hormone (Yandigeri et al., 2012); additionally, the phosphate solubilization ability of 

some streptomycetes would hydrolyze organic and inorganic phosphorus from 

insoluble compounds to increase is availability for plant nutrition (Hamdali et al., 

2008; Jog et al., 2014). These properties provide streptomycetes the possibility to be 

used as potential biocontrol agents, as well as plant growth promotion bacteria 

(PGPB).  

 

Compared to their huge utilization in medical industry, the application of 

Streptomyces in agriculture still remains hindered. Until now, very few products 

based on Streptomyces as bio-pesticides are available on the market. MYCOSTOP
®
, a 

Streptomyces griseoviridis Anderson strain K 61, formulation product, has been 

developed and used commercially against various fruit pathogens (Suleman et al., 

2002; Velivelli et al., 2014). Another marketed streptomycete bio-pesticide is 

Actinovate
®
, based on Streptomyces lydicus De Boer strain WYEC 108, which also 

showed activity against different plant pathogens (Handelsman and Stabb, 1996; 

Matheron and Porchas, 2008). Other Streptomyces spp. demonstrating biocontrol 

activities were reported (Emmert and Handelsman, 1999; Paulitz and Belanger, 2001; 

Dahiya et al., 2006). Nevertheless, the applications of BCAs often fail under different 

environmental conditions because of the incomplete knowledge about their interaction 
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with the host and other natural microflora. The colonization kinetics of the host, such 

as the plant rhizosphere, by BCAs is a fundamental prerequisite to understand the 

mechanisms of microbial assisted plant protection and production, especially for less 

studied BCAs, like Streptomyces. 

 

 

Figure 2. Life cycle of Streptomyces (Kieser et al., 2000). 
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The crucial role of plant colonization by microorganisms in biocontrol 

mechanisms 

 

It has been widely accepted that significant plant-microbe interactions occurring at 

specific site usually involve the competence of the microbial colonization. The 

crosstalk is initiated by the plants producing signals that are recognized by 

microorganisms. As a reply, the microbes produce signals that induce their plant 

colonization (Berg and Smalla, 2009). General steps of colonization include 

attraction, recognition, adherence, invasion (only endophytes and pathogens), 

colonization, and population growth (Stones and Krachler, 2015). Plant colonizing 

microorganisms mediate biocontrol through different mechanisms. For example, 

competition for ecological niches, like specific infection sites by Trichoderma, 

showed protective effect to grapes against Botrytis cinerea Pers. Trichoderma 

colonized grape blossom tissue and excluded the pathogen from its infection site 

(Vinale et al., 2008). Several studies of root colonizing Trichoderma showed 

increased levels of plant enzymes involved in biocontrol, including various 

peroxidases, chitinases, β-1,3-glucanases, and the lipoxygenase-pathway 

hydroperoxide lyase (Harman et al., 2004). Moreover, Trichoderma strains do not 

only produce antibiotic metabolites directly, they elicit the plant to produce 

antimicrobial compounds and contribute to plant induced systemic resistance to 

pathogens. As an example, root colonization of cucumber by Trichoderma strain T-

203 led to a significantly higher level of phenolic glucoside in leaves. The 

carbohydrate moieties removed forms of phenolic glucoside, aglycone, was reported 

to act as an inhibitor of a wide range of pathogenic bacteria and fungi (Yedidia et al., 

2003). Additionally, growth promotion of the plant root system and enhanced nutrient 

availability upon rhizosphere colonization by Trichoderma increased the overall 

antagonism to plant pathogens (Vinale et al., 2008). 

 

The rhizosphere represents a layer of the soil surrounding the root surface area. This 

definition was coined more than one hundred years ago (Hiltner, 1904). Rhizosphere 



21 
 

is a complex and dynamic environment harbored by the root that involves diverse 

microorganisms interactions. The rhizobacteria are the most abundant microorganisms 

in the rhizosphere microbial community. Rhizobacteria are rhizosphere competent 

bacteria that colonize well the roots and enhance their survival ability by developing 

beneficial relationships with the hosts (Hartmann et al., 2009). They demonstrated 

similar biocontrol mechanisms as Trichoderma and other fungal BCAs, but also 

unique pathways in terms of plant growth and health promotion. They can inhibit the 

growth of various phytopathogens in a variety of ways like competing for nutrients, 

niche exclusion, limiting the available iron supply through production of 

siderophores, and producing anti-fungal metabolites involved in antibiosis, as well as 

inducing systemic resistance (Bhattacharyya and Jha, 2012). For instance, rhizosphere 

competent fluorescent pseudomonads showed broad spectrum antagonistic activity 

against plant pathogens. They must be present at roots in sufficient numbers to have a 

biocontrol or PGP effect on the plant. For example, to protect plants from 

Gaeumannomyces graminis var. tritici Walker or Pythium spp. damage, the crucial 

colonization level of fluorescent pseudomonads must reach 10
5
–10

6 
CFU (colony- 

forming units) g
-1

 of root tissue (Haas and Defago, 2005). The fluorescence of 

fluorescent pseudomonads relies on an extracellular diffusible pigment called 

pyoverdin (Pvd). It is a siderophore that has high affinity for Fe
3+

 ions. It has been 

shown that the ability of Pseudomonas putida Trevisan strain, B10, to suppress 

Fusarium wilt relies on the siderophore production (Kloepper et al., 1980), while 

Pvd-negative (Pvd-) mutants showed significantly lower inhibition of phytopathogens 

(Keel et al., 1989). Later, it was hypothesized that rhizobacteria like fluorescent 

pseudomonads perform their biocontrol or PGP activity partially by depriving 

pathogens of iron. Another category of siderophore produced by fluorescent 

pseudomonads, pyochelin, has been identified as an antifungal compound (Phoebe et 

al., 2001). Although pyochelin is a relatively weak Fe
3+

 chelator, its good ability to 

chelate Cu
2+

 and Zn
2+

 may enable it to deprive pathogenic fungi from copper and zinc 

(Visca et al., 1992).  Except for siderophores, biocontrol fluorescent pseudomonads 
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can produce several other antibiotic compounds. These compounds showed both anti-

fungal and anti-bacterial activities (Raaijmakers et al., 2002). Particularly, six of these 

compounds: phenazines, phloroglucinols, pyoluteorin, pyrrolnitrin, cyclic lipopeptides 

(all of which are diffusible) and hydrogen cyanide (which is volatile) are well 

documented against root pathogens. Their antibiosis range and mechanisms were 

discussed (Haas and Defago, 2005). Up to now, their modes of actions are partially 

known. For instance, phenazines may catalyze the formation of hydroxyl radicals, 

which damage lipids and other macromolecules of pathogens (Britigan et al., 1992). 

Cyclic lipopeptides with surfactant properties were able to insert into cell membranes 

and lead to antimicrobial activities (Nielsen et al., 2002). Induced systemic resistance 

is another important biocontrol mechanism of rhizobacteria. Similarly to 

Trichoderma, the induction of plant resistance by colonization with some 

rhizobacteria, including Pseudomonas and Bacillus, enhances the plant systemic 

defense system but does not involve the production of pathogenesis-related proteins 

(Van Loon, 1997; Vinale et al., 2008). Additionally, instead of targeting specific 

phytopathogens, induced systemic resistance by rhizobacteria is effective against a 

range of pathogens (Haas and Defago, 2005).  

 

Many rhizobacteria are able to affect plant growth and development. The PGP 

rhizobacteria are those bacterial strains that strongly colonize rhizosphere and 

significantly stimulate plant development (Bloemberg and Lugtenberg, 2001; Lucy et 

al., 2004; Nelson, 2004; Lugtenberg and Kamilova, 2009). The abilities of 

rhizobacteria to fix nitrogen, solubilize phosphate, and produce phytohormones (such 

as auxin and cytokinin) and volatile growth stimulants (such as ethylene and 2, 3-

butanediol) contribute to their PGP efficacies. At the same time, the enhanced plant 

growth, stimulated by rhizobacteria would help plants against biotic and abiotic stress, 

including phytopathogens. Similar to biocontrol mechanisms, heavy colonization of 

rhizosphere by rhizobacteria plays a crucial role in their PGP activities (Vessey, 

2003).  
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Among the rhizobacteria, Streptomyces species have not been intensively studied 

compared to Pseudomonas and Bacillus species. One of the reasons is, as described in 

previous chapters, that the streptomycetes are still much less used in agriculture than 

in pharmaceutical industry. They have been long considered simply as free-living soil 

inhabitants, but their complex interactions with plants and other organisms have being 

uncovered. Several studies reported rhizosphere competent streptomycetes controlling 

phytopathogens. Streptomyces lydicus WYEC108, which showed stable rhizosphere 

colonization of pea plants, was able to reduce disease severity of fungal root and seed 

rot caused by Pythium ultimum Trow (Yuan and Crawford, 1995). Streptomyces. 

griseoviridis colonized tomato, and reduced tomato crown rot under field conditions 

(Nemec et al., 1996). For tomato transplants, Streptomyces sp. Di-944 inhibited 

Rhizoctonia causing damping off disease (Sabaratnam and Traquair, 2002). Eight 

Streptomyces strains demonstrated significant effects in suppressing alfalfa and 

soybean root rot (Xiao et al., 2002). Banana plantlet rhizosphere colonizer, 

Streptomyces sp. strain g10, showed variable rhizosphere population during six 

weeks, and decreased the final disease severity of leaf symptoms and rhizome 

discoloration caused by Fusarium oxysporum f.sp. cubense Snyder & Hansen (Getha 

et al., 2005). Few species of Streptomyces are pathogenic to plants, such as 

Streptomyces scabies Lambert & Loria or Streptomyces turgidiscabies Miyajima. 

They are plant pathogens with broad host range causing important economic losses, 

especially on tap root sand tuber crops, such as potatoes, sweet potatoes, carrots, or 

beet. However, other non-pathogenic Streptomyces species are good potential 

inhibitors of these pathogenic species. Antagonistic Streptomyces spp. strains 

colonized well the potato tubers and showed biocontrol efficiency against S. scabies 

causing scab disease (Schottel et al., 2001). Biocontrol of scab on potato tuber caused 

by S. turgidiscabies with nonpathogenic Streptomyces spp. strains indicated that 

complex interactions between species may exist. Although it is well known that 

streptomycetes are potential BCAs against phytopathogens, even against their own 
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phyto-pathogenic species, and they could produce various beneficial metabolites and 

enzymes, their biocontrol mechanisms are not well explored yet.  

 

Rhizosphere competence has a tremendously important role for microorganisms able 

to suppress soil borne pathogens, as discussed earlier in this chapter. The 

methodological evolutions, like advanced microscopy and molecular techniques, 

make it possible to visualize these beneficial microbes to colonize rhizosphere and 

plant. In the next chapters, currently available approaches and techniques to study the 

colonization of rhizobacteria will be discussed.   

 

Antibiotic resistance markers as fundamental tools to study microbe 

colonization dynamics 

 

Several markers have been developed and adapted to study beneficial plant-microbe 

interactions in the rhizosphere (Bonaldi et al., 2015). Among these, spontaneously 

occurring antibiotic-resistant mutants of microorganisms have been widely used to 

study colonization dynamics of microorganisms (Gamalero et al., 2003). Rifampicin 

resistant mutants were used to study population dynamics of introduced bacteria in the 

rhizosphere (Mirleau et al., 2000). Furthermore, the stability of rifampicin resistance 

of Pseudomonas putida WCS358 was determined under field conditions (Glandorf et 

al., 1992). Kanamycin and streptomycin resistance were obtained by Tn5 mutagenesis 

with the suicide plasmid method (Simon et al., 1983). The maintenance of Tn5 in the 

mutant JM218 was determined by comparing bacterial densities of this mutant in root 

suspensions, estimated by serological methods, with bacterial density estimated by 

CFU counting on medium supplemented with kanamycin (Lemanceau et al., 1992; 

Van Den Bergh and Rietveld, 2004). Despite the use of mutants, various plasmids and 

transposons have been engineered to study microbe colonization dynamics 

(VanOverbeek et al., 1997; Mirleau et al., 2001). However, prior to use antibiotic 

resistance to determine microorganism colonization, the resistance of natural 
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microflora to the antibiotic used should be verified. Naturally kanamycin-resistant 

bacteria were found in a Dutch soil up to 2×10
4
 CFU per gram of soil (Wilson, 1995). 

Usually, the level of resistance of the indigenous microflora must be determined prior 

the study. Moreover, genetic changes associated with chromosomal-mediated 

antibiotic resistance may results in ecologically important consequences (Gamalero et 

al., 2003). For instance, Tn5 bleomycin resistance gene confers improved survival 

growth advantage in E. coli, which is a common human pathogen (Blot et al., 1994). 

In addition, the use of antibiotic-tagged bacteria is accompanied with the risk of 

antibiotic resistance spreading in nature (Jansson, 1995; Martinez, 2008). However, as 

a whole, antibiotic resistance approach to study survival dynamics of introduced 

microbe is quite sensitive, cost effective, reliable and easy to perform. 

 

EGFP marker as a convenient approach to visualize colonization patterns 

of beneficial microbes 

 

Currently, fluorescent markers, including green fluorescent protein (GFP) are gaining 

increasing popularity for plant colonization studies. The GFP is a 27 KDa polypeptide 

which converts the blue chemiluminescence of the Ca
+2

-sensitive photoprotein 

(aequorin from the jellyfish Aequorea Victoria Murbach & Shearer) into green light 

(Kremers et al., 2011). Various derivatives of the green fluorescent protein (GFP) 

have been engineered to increase the fluorescence and to overcome the variable 

expression of the original marker in different species (Gamalero et al., 2003). 

Enhanced GFP (EGFP) contains numerous silent nucleotide changes in comparison to 

GFP to maximize its expression in mammalian cells, and was adopted for use in 

Streptomyces spp., which have a similar codon usage (Haas et al., 1996; Sun et al., 

1999). The advantages and disadvantages of GFP have been well discussed 

(Errampalli et al., 1999). One of the most relevant advantages is that GFP is easily 

detected, does not require exogenous substrate and allows the monitoring of a single 

cell. Moreover, it is stable and resistant to proteases. However, several potential 
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disadvantages may limit the application of GFP in plant colonization studies: the 

interference with soil particles; the auto-fluorescence of plant tissues that in many 

cases fluoresce green; the inability to apply in anaerobic conditions; and the instability 

of the plasmid in different microbes (Haseloff and Siemering, 2005). GFP has been 

widely utilized to study microbial colonization of roots and rhizosphere under sterile 

conditions (Prieto et al., 2011; Weyens et al., 2012). Attempts of making advantage of 

GFP labelled microbes to compete with natural microbial community and to evaluate 

the competence of the microbes in complex environments were reported (Compant et 

al., 2008). However, particularly for streptomycetes, their rhizosphere colonization 

patterns were rarely determined using labeling by fluorescent proteins in combination 

with confocal laser scanning microscopy (CLSM). Colony development of 

Streptomyces antibioticus Waksman strain, ATCC 11891, and Streptomyces 

coelicolor Muller strain, M145, in soil in the absence of the host plant were examined 

by CLSM (Manteca and Sanchez, 2009). In their study, chemically fluorescent 

staining apporach was used, but not application of fluorescent proteins. Similarly, 

chemically stained pathogenic S. turgidiscabies was examined under CLSM to study 

its survival on radish seedlings (Johnson et al., 2008). However, its further 

development in the radish rhizosphere was not addressed. Up to now, only the wheat 

seed colonization by EGFP-tagged Streptomyces sp. strain was reported (Coombs and 

Franco, 2003). Similarly to Johnson et al. (2008), early stage of Streptomyces 

colonization was determined, but long-term rhizosphere competence was not 

investigated. In addition, horizontal gene transfer, like transforming the GFP gene into 

a microorganism, may negatively impact on its growth rate, sporulation ability, and 

secondary metabolite production (Nigro et al., 1999; Lubeck et al., 2002; Weyens et 

al., 2012). Therefore, the fitness needs to be evaluated to determine the biological 

activity of the transformed microorganisms before using them for colonization 

studies.  
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FISH, a cytogenetic and useful technique to study plant-microbe 

interactions  

 

Aside fluorescent protein approaches, fluorescence in situ hybridization (FISH) is 

another commonly used technique to study plant colonization by microbes in 

combination with CLSM. FISH is a cytogenetic technique that uses fluorescent probes 

that bind to only those parts of the chromosome with a high degree of sequence 

complementarity (Kliot et al., 2014). The specificity of the probes is defined by their 

sequence and in most cases these are characteristic signature sequences of rRNA 

genes. Therefore, FISH is ideal to detect a specific taxa in environmental samples 

(Amann and Fuchs, 2008). FISH-CLSM has an advantage that it directly visualizes 

target cells and provides useful estimates of bacterial numbers in certain habitats 

(Bulgarelli et al., 2012; Cardinale, 2014). Additionally, it also could avoid 

quantification bias that cultivation or PCR methods may cause (Acinas et al., 2005; 

Sipos et al., 2010). The relative and absolute abundance of a specific component in a 

microbial community could be semi-automatically quantified by CLSM and digital 

image analysis after staining the cells with specific FISH probes (Bouchez et al., 

2000; Schmid et al., 2000; Juretschko et al., 2002). Moreover, the localization of the 

stained cells can be determined microscopically by CLSM (Hofmann et al., 2014; 

Erlacher et al., 2015). Compared to the fluorescent protein approaches, FISH requires 

a preliminary fixation. Hence, it is more labor-demanding. In addition, as fixation 

process kills all cells, live imaging of cells is impossible with FISH. Meanwhile, 

separated samples fixed at different biological stages do not truly correspond to the 

time-lapse experiment. Furthermore, the difference between the living and the dead 

cells cannot be distinguished in situ in the biological samples (Cardinale, 2014). This 

limitation could be a potentially critical point to quantify microbial BCAs or PGPB in 

situ, since most of the considered biological mechanisms of these beneficial microbes 

are achieved by their living cells. On the contrary, the fluorescent protein approaches 
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have the advantage that the fluorescent protein gene is only expressed in in living 

cells, which could be relatively more accurate to reflect the survival of active BCAs 

or PGPB on plants.   

 

Therefore, both GFP-CLSM and FISH-CLSM have advantages and disadvantages in 

terms of plant-microbe interaction research, especially for colonization studies. The 

combination of both techniques could be an ideal choice for comprehensive studies.   
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Aim of the study 

 

Worldwide, agricultural systems face the challenge of providing for the demand of 

massively growing human population. To meet this demand, yield losses caused by 

phytopathogens should be minimized to maintain food quantity and quality. At the 

same time, yield limitation due to soil fertility and nutrition deficiency add extra 

pressure to plant production. Thus, searching for sustainable solutions to suppress 

phytopathogens, as well as to increase the yield is gaining high interests in recent 

years. A diverse assemblage of plant associated microorganisms can contribute to 

crucial ecosystem services in agricultural landscapes, including PGP and biocontrol. 

The beneficial interactions between microorganisms and their host are fundamental 

prerequisites of microbial assisted plant protection and production. However, 

comparing to other well studied rhizobacteria, like Bacillus and Pseudomonas species, 

the interaction between Streptomyces and their hosts are not yet well known, 

including the colonization of plants by Streptomyces.  

 

The objective of this work was to get insight into the colonization of tagged 

Streptomyces strains, selected as potential BCAs, at lettuce roots and rhizosphere. 

Streptomyces strains with potential biological control activity against lettuce drop 

were EGFP transformed to produce green fluorescence and their fitness were 

compared to untransformed strains to confirm they maintain their potential as BCAs. 

The dynamics of Streptomyces in lettuce rhizosphere and roots was quantified by a 

seed coating method with assistance of introduced antibiotic resistance. EGFP-CLSM 

and FISH-CLSM approaches were applied to study the colonization patterns of 

Streptomyces. The PhD work can be summarized in the following steps: 

 

1. Transformation of the Streptomyces strains with the pIJ8641 constructs 

containing the EGFP and apramycin resistance gene. 

2. Evaluation of the fitness of Streptomyces strains after genetic transformation.  
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3. Determining the population dynamics of the Streptomyces strains associated 

with lettuce rhizosphere and surface-sterilized roots. 

4. Understanding the localization of lettuce rhizosphere competent Streptomyces 

strains by assistance of the EGFP-CLSM and FISH-CLSM approaches.
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Materials and methods 

1. Transformation of the Streptomyces strains with the pIJ8641 

construct 

1.1 Conjugation 

 

Five Streptomyces strains, potential BCAs against Sclerotinia sclerotiorum, were used 

in this study: S. anulatus CX14W, Streptomyces sp. CX16W, S. exfoliatus FT05W, 

Streptomyces sp. SW06W, and S. cyaneus ZEA17I. They were maintained at the Plant 

Pathology Laboratory, Department of Food, Environmental and Nutritional Sciences 

(DeFENS), University of Milan, and selected previously from a wide collection of 

actinomycetes isolated from roots of different plants (Sardi et al., 1992; Bonaldi et al., 

2015). Escherichia coli strain ET12567 (harboring the helper plasmid pUZ8002), was 

provided by prof. Flavia Marinelli, University of Insubria, Italy, and was used as 

donor strain for conjugation. Plasmid pIJ8641, obtained from prof. Mervyn Bibb, 

John Innes Centre, UK, was maintained in E. coli strain DH5α (Figure 3). It carries 

the EGFP gene under the constitutive ermE promoter, an apramycin resistance marker 

[aac(3)IV], an oriT/RK2 region, and a lambda phage chromosomal integration 

sequence (Sun et al., 1999). The strain S. coelicolor A3(2) was obtained from prof. F. 

Marinelli, and used as a reference strain to evaluate transformation efficiency. Plasmid 

pIJ8641 was transformed into the donor strain E. coli ET12567 (pUZ8002) by 

rubidium chloride method (Hanahan, 1983) and conjugated into recipient 

Streptomyces strains as previously described (Kieser et al., 2000). Prior to 

conjugation, the concentration of the E. coli donor strain ET12567 containing plasmid 

pIJ8641 was adjusted to 1 × 10
7
 CFU/mL. The ex-conjugants were selected on the 

basis of apramycin resistance. The conjugation efficiency was calculated as number of 

ex-conjugant colonies per number of recipient spores. 
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1.2 PCR amplification of the EGFP-transgene 

 

Genomic DNA of wild-type and transformed (EGFP-) strains was extracted by the 

protocol developed for Streptomyces from CTAB method (Kieser et al., 2000). The 

amplification of 16S rDNA fragment (expected size 1500 bp) was used to evaluate the 

quality of DNA in all samples, using PCR primers fD1 (5′-

AGAGTTTGATCCTGGCTCAG-3′) and fD2 (5′-ACGGCTACCTTGTTACGACTT-

3′) (Weisburg et al., 1991), and the following thermal cycling conditions: initial 

denaturation at 94°C for 1 min, 30 cycles of denaturation at 94°C for 45 s, annealing 

at 56°C for 30 s and extension at 72°C for 2 min, a final extension at 72°C for 5 min.  

 

PCR primers rEGFP-N (5′-CTGGTCGAGCTGGACGGCGACG-3′) and rEGFP-C 

(5′-CACGAACTCCAGCAGGACCA TG-3′) were designed to amplify the EGFP 

gene fragment (expected fragment size 700 bp), using the following thermal cycling 

conditions: initial denaturation at 94°C for 1 min, 30 cycles of denaturation at 94°C 

for 45 s, annealing at 60°C for 45 s and extension at 72°C for 2 min, a final extension 

at 72°C for 2 min. The DNA amplification was carried out using PCR thermal cycler 

(BioRad, USA), and was performed in a total volume of 25 μL containing 30–50 ng 

DNA, 0.25 μM each primer, 1 U Go Taq DNA polymerase (Promega, USA), 5 μL of 

5x Go Taq buffer (Promega, USA), and 0.2 mM of each dNTP (Invitrogen). The PCR 

products were visualized under the Gel Doc transilluminator (BioRad, USA) 

following electrophoresis in 1% (w/v) agarose gel. 

 

1.3 Microscopic observation of EGFP expression 

 

For microscopic observations, transformed (EGFP-) strains were inoculated on 

Czapek yeast extract agar (CZY; 35 g/L Czapek-Dox Broth Difco, 2 g/L Yeast Extract 

Difco, 15 g/L agar Applichem). A microscopic cover slide was partially inserted in the 

medium at the edge of the inoculated strain under a 45° angle to allow the strain to 
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grow on the cover slide. The plates were incubated at 24°C for 5 days. Subsequently, 

cover slides were removed from the medium and observed by bright-field and 

epifluorescence microcopy using Olympus BX51 with the FITC filter set (467–498 

nm excitation and 513–556 nm emission) to confirm the expression of EGFP in 

transformants.  

 

Figure 3. Restriction map of pIJ8641. 

 

2. Impact of the transformation on fitness of Streptomyces strains 

2.1 Antagonistic activity against Sclerotinia sclerotiorum 

 

The antagonistic activity of wild-type and transformed (EGFP-) strains against S. 

sclerotiorum was determined by a dual culture assay on CZY agar (Bonaldi et al., 

2014). Briefly, 10 μL of Streptomyces spore suspension (1 × 10
7
 CFU/mL) were 
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inoculated on a 40 mm line two days prior to S. sclerotiorum inoculation. An agar-

mycelium plug (5 mm diameter), obtained from the edge of an actively growing 

colony of S. sclerotiorum grown on Malt Extract Agar (MEA; 20 g/L Malt Extract, 

Difco, and 15 g/L agar Applichem), was placed at 25 mm distance from the growing 

Streptomyces colony and the plates were incubated for 72 h at 24°C. Plates inoculated 

with S. sclerotiorum only were used as a control. The antagonistic activity was 

determined by calculating the percentage of growth inhibition of S. sclerotiorum 

compared to the control. The experiment was repeated twice in three replicates. 

 

2.2 Sporulation  

 

The sporulation of the strains was assessed by plating 1 mL of spore suspension (1 × 

10
7
 CFU/mL) on a CZY agar plate and determining the number of spores produced 

after 6 days of incubation at 30°C (Grantcharova et al., 2005). Five mL of sterile 

water were added to the Petri plate and the surface of colonies was gently scraped to 

release the newly formed spores (Kieser et al., 2000). The spore suspension was 

filtrated through two layers of sterile gauze and the spore concentration (colony 

formation unite per mL-CFU/mL) was quantified by plating serial dilutions of the 

spore suspension and counting the number of colonies grown after 4 days of 

incubation at 30°C. The experiment was repeated twice in three replicates. 

 

2.3 Mycelium biomass growth 

 

The mycelium biomass growth curve of wild-type and transformed (EGFP-) strains 

was determined daily as follows: 20 μL of Streptomyces spore suspension (1 × 10
7
 

CFU/mL) were inoculated into a 50 mL tube containing 20 mL of CZY broth, and 

incubated at 30°C with 200 rpm constant shaking for 8 days. Each day, 2 mL of liquid 

culture were removed, spun at 10600 g for 10 min and the dry weight of the pellet, 

expressed in g/L was determined. The experiment was repeated twice in three 
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replicates. 

 

2.4 Production of secondary metabolites 

Indole-3-acetic acid (IAA)  

 

The IAA production of wild-type and transformed (EGFP-) strains was determined as 

described previously (Bric et al., 1991; Bano and Musarrat, 2003). In brief, 10 μL of 

the Streptomyces spore suspension (1 × 10
7
 CFU/ml) were incubated with constant 

shaking at 5 g in 5 mL CZY broth added with 500 μg/mL tryptophan (Sigma-Aldrich) 

in the dark at 30°C for 10 days. One mL of the liquid culture was centrifuged for 10 

min at 18000 g. One mL of the supernatant was mixed with 50 μL 10 mM 

orthophosphoric acid (Sigma-Aldrich) and 2 mL of Salkowski reagent (1 mL of 0.5M 

FeCl3 Sigma-Aldrich, in 50 mL of 35% HClO4 Sigma-Aldrich). The tubes were 

incubated at room temperature for 30 min. The development of pink color indicated 

the IAA production, which was quantified by spectrophotometer (Eppendorf) at 530 

nm. The experiment was repeated twice in three replicates. 

 

Siderophores  

 

Ten mL of Fe-free Czapek solution (300 g/L NaNO3, 50 g/L KCl, 50 g/L MgSO4 ⋅ 

7H2O) were mixed with 15 g/L agar, 30 g/L sucrose, 1 g/L K2HPO4, and 5 g/L yeast 

extract to prepare the Fe-free Czapek agar medium. 10 μL of Streptomyces spore 

suspension (1 × 10
7
 CFU/mL) were inoculated in the center of a Fe-free Czapek agar 

plate and incubated at 30°C for two weeks. Subsequently, the Streptomyces colony 

was overlaid by 15 mL of the Chrome azurol S (CAS) agar (Schwyn and Neilands, 

1987; Perez-Miranda et al., 2007). The siderophore production was determined as a 

color change in the overlay medium (from blue to orange) after 24 h of incubation at 

room temperature. The experiment was repeated twice in three replicates. 
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Chitinase  

 

The colloidal chitin and the colloidal chitin agar were prepared from chitin power 

(Acfa Aesar) as described previously (Saima et al., 2013). Ten μL of Streptomyces 

spore suspension (1 × 10
7
 CFU/mL) were inoculated in the center of colloidal chitin 

agar plate (chitin as single carbon sources) as a 40 mm line and incubated at 30°C for 

10 days. The production of chitinase was determined based on the presence of a clear 

hydrolysis zone on the agar plate below the colony. The experiment was repeated 

twice in three replicates. 

 

Phosphate solubilization 

 

The phosphate solubilization activity of wild-type and transformed (EGFP-) strains 

was assessed using a plate assay with National Botanical Research Institute’s 

Phosphate (NBRIP) medium, in which Ca3(PO4)2 is the only phosphate source 

(Nautiyal, 1999). Ten μL of Streptomyces spore suspension (1 × 10
7
 CFU/mL) were 

inoculated in the center of a NBRIP-medium Petri plate and incubated at 30°C for 2 

weeks. The phosphate solubilization ability was determined based on the presence of 

a clear hydrolysis zone on the agar plate below the colony. The test was repeated 

twice in three replicates. 

 

3. Lettuce colonization dynamics by two tagged Streptomyces strains 

 

Fifty ice queen lettuce seeds (Lactuca sativa var. capitata, Iceberg group, Semeurop, 

Italy) were sterilized in 1 ml of 0.7% sodium hypochlorite (NaOCl) for 5 minutes and 

were rinsed three times with sterile water. Ten μL of Streptomyces spore suspension 

(EGFP-ZEA17I or EGFP-SW06W) (1 × 10
8
 CFU/mL) were added to the surface-

sterilized seeds, and incubated under the laminar flow hood until dry. Another 50 non-

inoculated seeds were used as control. Thirty seeds of each treatment were sown 
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individually in 200cc plastic cups containing 8cm of two-times autoclaved sterile 

sandy substrate (“Sabbia Vagliata” Gras Calce s.p.a., Italy) and incubated and 

incubated in a growth chamber (24°C, 55% relative humidity and 15 h photoperiod). 

The cups were watered daily with 10 ml of sterile water. Ten ml of 10-times diluted 

KNOP solution (1 liter contains 500mg/L Ca(NO3)2, 125mg/L MgSO4, 125mg/L 

KNO3, 125mg/L KH2PO4, 1mg FeCl3) were added instead of sterile water twice a 

week, on Monday, and Friday. 

 

Six plants arising from bacterized and control seeds were collected at two-, four- and 

six weeks. Seedlings with the whole root system were carefully taken off the growth 

substrate and the bulk soil was removed by gently shaking the plants.  

 

3.1 Lettuce bulk soil colonization  

 

For the bulk soil analysis, the entire amount of bulk soil was collected and weighed. 

The substrate was mixed and divided in two identical parts. One part was incubated in 

the oven at 50°C and the dry weight was determined. The other part was stirred in 

sterilized water (1:2 substrate fresh w/v) for one hour and serial dilutions were plated 

on water-agar medium (WA) containing 15 g/L agar, Applichem, and four antibiotics 

(25 mg/L nalidixic adic Sigma-Aldrich, 50 mg/L apramycin Sigma-Aldrich, 50 mg/L 

nystatin Carlo Erba, and 50 mg/L cycloheximide Sigma-Aldrich). Plates were 

incubated for 7 days at 24°C and Streptomyces colonies were counted. The 

Streptomyces population dynamics was expressed as CFU/g of growth substrate dry 

weight.  

 

3.2 Lettuce rhizosphere colonization  

 

For the rhizosphere analysis, each seedling was cut at base and the roots were 

vortexed two times for 15 s in 3-5 mL (volume varying according to period of 
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sampling) of sterilized 0.9% NaCl Sigma-Aldrich,  and 0.02% Silwet L-77 Chemtura 

(washing solution) in Falcons. The roots were removed and used for inner root tissue 

analysis described below. The suspension was filtered through a 300 μm nylon mesh 

settled on the top of another Falcon, following a 60 s quick centrifuge to exclude rest 

of water on the nylon mesh. The rhizosphere soil was collected and its dry weight was 

determined. The suspension was centrifuged at 10600 g for 10 min and the pellet was 

resuspended in 0.5–1.5 mL of washing solution and plated in serial dilutions on WA 

medium with four antibiotics mentioned above. The plates were incubated at 24°C for 

7 days. Streptomyces colonies were counted and the concentration was expressed as 

CFU/g of rhizosphere dry weight. 

 

3.3 Lettuce inner-root colonization  

 

For inner root tissues analysis, the roots were surface sterilized with propylene oxide 

for certain time (two-week-old plants, 20 mins; four- and six-week-old plants, 1 

hour). Then, they were washed in washing solution (two-week-old plants, 1.5 mL; 

four- and six-week-old plants, 2.5 mL) and 0.5 mL of the total volume was plated on 

WA medium to verify the absence of contaminants. Subsequently, the roots were 

finely homogenized in washing solution and left to macerate for one hour and the 

suspension was plated on WA medium with four antibiotics in serial dilutions. The 

Streptomyces concentration was determined as described before and expressed as 

CFU/g of roots dry weight. 

 

4. CLSM observation of lettuce root colonization by S. cyaneus EGFP-

ZEA17I 

 

Prior to colonization studies of lettuce roots by S. cyaneus EGFP-ZEA17I, the 

overnight pure culture of the strain, grown on CZY agar medium, was observed by 

confocal laser scanning microscopy (CLSM) to reconfirm the EGFP expression. 
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Then, a plant colonization assay was prepared, in which the lettuce root colonization 

by EGFP-ZEA17I was observed at CLSM at different time-points: 2-, 3-, and 14 days 

after inoculation (dai).  

 

The lettuce seeds were sterilized and bacterized with EGFP-ZEA17I as described 

before. Afterwards, nine bacterized seeds were planted in a 0.5 cm depth with sterile 

tweezers into a seed tray filled with 640 g of a mixture of autoclaved quarz sand 

(Scherf GmbH & Co. KG, Austria) and peat soil (“Gramoflor Profi-Substrat-

Topfpikier M+Ton+Fe” GBC, Kalsdorf, Austria) in 1:3 ratio (w/w), and 200 ml 

sterile tap water. In two trays, no seeds were planted to monitor the soil moisture (≥ 

25 %) by a moisture analyzer (MB35 Halogen, Ohaus, USA). Nine surface sterilized 

non-bacterized seeds were planted into seed trays prepared in the same way as 

described above and were used as control. After the planting, the seed trays were 

incubated in a growth chamber (24°C, 55% relative humidity and 14 h photoperiod).  

 

Two- and three-day-old plants were harvested to monitor early colonization of lettuce 

by EGFP-ZEA17I. Furthermore, fourteen-day-old plants were used to verify the 

ability of EGFP-ZEA17I to colonize lettuce for longer period. For each observation, 

three bacterized plants and one non-bacterized plant (negative control) were taken out 

of the seed tray with a sterile spatula and put into a petri dish. Each sample was taken 

from a different seed tray. The roots of each plant were freed from the soil and 

separated from the phyllosphere by using a sterile scalpel, and then cut into 0.5 cm 

long sections to be directly observed under CLSM. Samples were observed with a 

Leica TCS SPE confocal laser scanning microscope (Leica Microsystems, Mannheim, 

Germany) equipped with solid state lasers for excitation. Filter settings were adjusted 

to achieve the maximum signal from EGFP and low background autofluorescence of 

the plant tissues. The EGFP was excited with a 488 nm laser beam and the detection 

window was optimized for every field of view, in order to gain a better discrimination 

between the signals and the noise. Plant tissues were excited with a 635 nm laser 
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beam and the autofluorescence emitted in the range 650–690 nm was recorded. The 

fluorescent signals from EGFP and from plant tissues were acquired sequentially. For 

each field of view, maximum projections of an appropriate number optical slices were 

acquired with a Z-step of 0.15–0.5 μm (“confocal stacks”)  and the software Imaris 

7.3 (Bitplane, Zurich, Switzerland) was used for post-processing, 3D rendering and 

creation of isosurface-spot models (Erlacher et al., 2015).  

 

5. CLSM observation in combination with fluorescence in situ 

hybridization (FISH) 

 

Similarly to the EGFP approach, two-, three-, and fourteen-day-old root samples were 

harvested from different seed trays. For each observation, three lettuce samples 

inoculated with S. cyaneus ZEA17I and one lettuce sample from the negative control 

were fixed for the fluorescence in situ hybridization (FISH). The fixation was done 

according to (Cardinale et al., 2008). Shortly, root samples were fixed with 

paraformaldehyde overnight, and washed four times with cold Phosphate-buffered 

saline (PBS) solution and then stored at -20°C in 1:1 (vol : vol) 96% ethanol: PBS 

until FISH-CLSM analysis. FISH-CLSM analysis was performed using specific 

probes following the protocol by (Cardinale et al., 2008). Briefly, after pre-treatment 

with lysozyme, the bacteria-universal probe EUB338MIX - an equimolar mixture of 

Cy3-labelled EUB338, EUB338II and EUB338III probes (Amann et al., 1990) - was 

used for the detection of bacteria and a Cy5-labelled Streptomyces genus specific 

probe, Strepto (Stackebrandt et al., 1991), was applied for the detection of S.cyaneus 

ZEA17I. Sequences of the probes and the formamide concentration (FA %) used for 

each probe were listed below (Table 1). Cy3, and Cy5 labeled FISH probes were 

sequentially excited with 532-, and 635-nm laser beams, respectively; the emitted 

light was detected in the ranges of 500 to 540 nm, 550 to 610 nm, and 650 to 700 nm, 

respectively. After hybridization, the samples were washed at 44°C for 15 mins in 

washing buffer. The FISH stained samples were then mounted with SlowFade Gold 
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Antifadent (Molecular Probes, Eugene, OR, USA) and stored at 4°C overnight until 

confocal images acquisition using a Leica TCS SPE confocal laser scanning 

microscope (Leica Microsystems GmbH, Mannheim, Germany) as described above 

(Erlacher et al., 2015). 

 

Table 1. Probes used in the FISH experiment of this study. 

Name Sequence (5'–3') Target  FA %
1 

Reference 

EUB338 gctgcctcccgtaggagt Most bacteria 10 (Amann et al., 1990) 

EUB338II gcagccacccgtaggtgt Planctomycetales 10 (Daims et al., 1999) 

EUB338III gctgccacccgtaggtgt Verrucomicrobiales 10 (Daims et al., 1999) 

Strepto gcgtcgaattaagccaca Streptomyces 50 (Stackebrandt et al., 1991) 

1
FA %, formamide concentration. 

 

6. Statistical analysis  

 

All analyses were done using R software, version R3.0.2 (R Core Team, 2014). The 

statistical differences between EGFP-transformed and wild-type strains in terms of S. 

sclerotiorum growth inhibition, mycelium growth rate, sporulation, and IAA 

production were compared by a Student’s t-test (P = 0.05). The percent data were 

arcsine root-square transformed. The soil, rhizosphere and root colonization data were 

log-transformed and submitted to ANOVA, followed by a Tukey post hoc test for 

multiple comparison (P = 0.05), using the Tukey C package (Faria, 2013). 
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Results  

1. Transformation of Streptomyces strains with the pIJ8641 construct 

1.1 Conjugation 

 

All six strains, including the reference strain S. coelicolor A3(2), were transformed 

with the pIJ8641 plasmid harboring the EGFP gene under a constitutive promoter and 

apramycin resistance. The conjugation efficiency was calculated as the number of ex-

conjugant colonies divided by the number of recipient spores. Conjugation efficiency 

varied among strains. The highest conjugation efficiency - 3.13 × 10
-5

 CFU/recipient 

strain - was obtained for the strain Streptomyces sp. SW06W. In general, four strains, 

S. anulatus CX14W, Streptomyces sp. SW06W, Streptomyces sp. CX16W, and S. 

exfoliatus FT05W showed conjugation efficiency similar to S. coelicolor A3 (2), 

while one strain, S. cyaneus ZEA17I conjugated with lower efficiency, equal to 5.81× 

10
-8 

CFU/recipient strain (Table 2).  

 

Table 2. Conjugation efficiencies of five Streptomyces spp. strains and reference 

strain S. coelicolor A3(2) with the pIJ8641 plasmid. 

Strain Recipient strain 

(CFU/mL) 

Conjugation efficiency 

(CFU/recipient strain) 

S. coelicolor A3(2) 1 × 10
8
 9.10 × 10

-6
 

S. anulatus CX14W 1 × 10
8
 4.64 × 10

-5
 

Streptomyces sp. CX16W 1 × 10
10

 6.88 × 10
-6

 

S. exfoliatus FT05W 1 × 10
9
 1.60 × 10

-6
 

Streptomyces sp. SW06W 1 × 10
8
 3.13 × 10

-5
 

S. cyaneus ZEA17I 1 × 10
9
 5.81 × 10

-8
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1.2 PCR amplification of the EGFP-transgene 

 

Genomic DNA of both wild-type and transformed Streptomyces strains was extracted, 

and the PCR amplification was performed to verify the presence of the EGFP 

fragment to confirm successful transformation. The EGFP fragment (700 bp), was 

detected in all transformed strains by the PCR amplification (Figure 4a). The 16S 

rDNA fragment (1500 bp), was amplified in all samples, both wild-type strains and 

transformed strains (Figure 4b). No fragment was detected in the negative control of 

H2O (Figure 4ab). 

 

 

Figure 4. PCR amplification of the EGFP and 16S rDNA fragments. a) PCR to detect 

EGFP gene fragment, 700 bp. b) PCR to detect 16S rDNA fragment, 1500 bp. H2O 

was used as negative control. 

 

1.3 Microscopic observation of EGFP expression 

 

The expression of EGFP was confirmed by epifluorescence microscopy observation.  

The transformed (EGFP-) strains showed consistent green fluorescence upon 

exposition to fluorescent light (Figure 5), while the corresponding wild-type strains 

did not fluoresce (not shown). For instance, filamentous mycelium and spore chains 

of EGFP-ZEA17I showed strong fluorescence (Figure 5a), as well as those of EGFP-

FT05W (Figure 5b). Spore chains of EGFP-CX16W also showed bright green 

fluorescence (Figure 5c).      
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Figure 5. Microscopic observation of EGFP expression in transformed Streptomyces 

strains by bright field (left) and epifluorescence microscopy (right). Mycelium and 

spore chains of (a) the strain S. cyaneus EGFP-ZEA17I, (b) the strain S. exfoliatus 

EGFP-FT05W, and (c) spore chains of the strain Streptomyces sp. EGFP-CX16W. 

Scale bar, 20 μm. 
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2. Impact of the transformation on fitness of Streptomyces strains 

2.1 Antagonistic activity  

 

Following the transformation, the inhibition of S. sclerotiorum mycelium growth 

was evaluated. The antagonistic activity of wild-type strains against S. 

sclerotiorum ranged from 67.57% to 80.21%; the highest activity among wild-

type strains was in SW06W, while the lowest antagonism was in FT05W. After 

the conjugation, all transformed (EGFP-) strains inhibited S. sclerotiorum radial 

growth ranging from 65.87 to 80.75%, which were similar to their corresponding 

wild-type strains. The highest antagonism of EGFP-strains was in EGFP-ZEA17I; 

and the lowest inhibition activity was in EGFP-CX16W (Table 3).  

 

Table 3.  In vitro antagonistic activity of transformed (EGFP-) strains against 

Sclerotinia sclerotiorum, compared to their corresponding wild-type strains.  

Strain S. sclerotiorum inhibition (%) 

CX14W 78.80±1.70
1
      

P
2
=0.072 

EGFP-CX14W 73.00±2.28 

CX16W 68.99±0.98  

P=0.091 

EGFP-CX16W 65.87±1.33 

FT05W 67.59±0.68  

P=0.684 

EGFP-FT05W 67.13±0.85 

SW06W 80.21±1.34  

P=1.000 

EGFP-SW06W 80.21±1.34 

ZEA17I 74.80±1.76  

P=0.069 

EGFP-ZEA17I 80.75±1.51 

1 
Mean values followed by SE, 

2 
P-values of the Student’s-t test pairwise comparisons. 
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2.2 Sporulation 

 

The sporulation of wild-type strains ranged from 0.47 to 7.47 (10
9
 CFU/ml); the 

highest sporulation among wild-type strains was in CX14W; while the lowest 

sporulation was in FT05W. After transformation, all the transformed (EGFP-) strains 

showed similar sporulation ability to their corresponding wild-type strains (Table 4); 

they sporulated from 0.78 to 6.80 × 10
9
 CFU/ml; the highest sporulation of EGFP-

strains was in EGFP-CX14W and the lowest sporulation was in EGFP-SW06W.  

 

Table 4. Sporulation of transformed (EGFP-) strains, compared to their corresponding 

wild-type strains.  

Strain Sporulation  (10
9
 CFU/ml) 

CX14W 7.47±3.22
1
      

P
2
=0.229 

EGFP-CX14W 6.80±4.91 

CX16W 4.23±6.58  

P=0.178 

EGFP-CX16W 5.55±1.61 

FT05W 1.45±3.69  

P=0.242 

EGFP-FT05W 1.37±4.56 

SW06W 2.27±1.15  

P=0.205 

EGFP-SW06W 0.78±1.67 

ZEA17I 0.47±0.23  

P=0.417 

EGFP-ZEA17I 1.63±1.15 

1 
Mean values followed by SE, 

2 
P-values of Student’s-t test pairwise comparisons. 
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2.3 Mycelium biomass growth  

 

The mycelium growth (biomass weight, g/L) was assessed after transformation up to 

8 dai (days after inoculation). All the transformed (EGFP-) strains showed similar 

mycelium biomass to their corresponding wild-type strains (Figure 6abcd, Table 5) at 

each dai. There were small differences of the peak of mycelium biomass growth 

between different coded strains. For instance, EGFP-CX16W and CX16W, EGFP-

ZEA17I and ZEA17I, and EGFP-SW06W and SW06W reached the maximum 

mycelium growth at 4 dai (Figure 6bcd), while EGFP-CX14W and CX14W had the 

peak at 7 dai (Figure 6a). As an example, mycelium biomass growth of EGFP-FT05W 

and its corresponding wild-type strain FT05W was shown in details at each dai  

(Table 5). The highest biomass of EGFP-FT05W reached 3.99 g/L at 4 dai, as well as 

of FT05W, which was 3.90 g/L at 4 dai. After that, both EGFP-FT05W and FT05W 

started to decrease mycelium biomass growth, and reached 1.95 g/L and 2.18 g/L 

respectively at at 8 dai. There was no significant difference between EGFP-FT05W 

and FT05W at each dai.  

 

Tabel 5. Mycelium biomass growth of S. exfoliatus EGFP-FT05W, compared to its 

wild-type strain.  

Strain                Mycelium biomass growth  (g/L) 

1dai
1 

2dai 3dai 4dai 7dai 8dai 

FT05W 2,76±0.45a
3 

3.09±0.31a 3.64±0.49a 3.90±0.39a 2.16±0.63a 2.18±0.43a 

EGFP- FT05W 2.61±0.54
2
a

 
2.94±0.29a 3.65±0.33a 3.99±0.68a 2.25±0.59a 1.95±0.36a 

1
 days after inoculation. 

2
 Mean values followed by SE.

 3
 Student’s-t test pairwise comparisons, means 

in a column with same letters were not significantly different (P=0.05). 
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Figure 6. Mycelium growth of the wild-type and its corresponding transformed 

(EGFP-) strains, (a) CX14W, (b) CX16W, (c) ZEA17I and (d) SW06W. Vertical bars 

represent SE (N = 3). 

 

2.4 Production of secondary metabolites 

Indole-3-acetic acid (IAA)  

 

All the transformed (EGFP-) strains were able to synthesize IAA, ranging from 5.11 

to 7.32 µg/ml; EGFP-SW06W produced the highest IAA amount among EGFP-

strains; the lowest synthesis was in EGFP-CX14W. There were no statistically 

significant differences between the EGFP-strains and their corresponding wild-type 

strains. The wild-type strains could syntheses 5.85 to 7.56 µg/ml; the highest value of 

in ZEA17I, and the lowest one was in CX14W (Table 6). 
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Table 6. Indole-3-acetic acid synthesis in transformed (EGFP-) strains, compared to 

their corresponding wild-type strains.  

Strain Indole-3-acetic acid (IAA)   (µg/ml) 

CX14W 5.85±0.44
1
      

P
2
=0.229 

EGFP-CX14W 5.11±0.35 

CX16W 5.87±0.86  

P=0.178 

EGFP-CX16W 6.03±0.24 

FT05W 6.04±0.60  

P=0.242 

EGFP-FT05W 7.11±0.21 

SW06W 7.32±0.66  

P=0.205 

EGFP-SW06W 6.88±0.28 

ZEA17I 7.56±0.59  

P=0.417 

EGFP-ZEA17I 6.84±0.38 

1
 Mean values followed by SE, 

2
 P-values of Student’s-t test pairwise comparisons.   

 

Phosphate solubilization, chitinase, and siderophore production 

 

All the wild-type strains were able to solubilize phosphate and produce chitinase, as 

well as their corresponding transformed (EGFP-) strains. On the contrary, siderophore 

production was only detected in CX14W and CX16W. Their EGFP-strains, EGFP-

CX14W and EGFP-CX16W maintained the abilities in siderophore production (Table 

7). 
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Table 7. Phosphate solubilization, chitinase, and siderophore production of the wild-

type and transformed (EGFP-) Streptomyces spp. strains. 

Strain     Chitinase 

production 

Phosphates 

solubilization 

Siderophore 

production 

CW14W    + + + 

EGFP-CW14W    + + + 

CW16W    + + + 

EGFP-CW16W    + + + 

FT05W    + + - 

EGFP-FT05W    + + - 

SW06W    + + - 

EGFP-SW06W    + + - 

ZEA17I    + + - 

EGFP-ZEA17I    + + - 

+
 indicates activity. 

–
 indicates no activity.  

 

3. Lettuce colonization dynamics by two tagged Streptomyces strains 

 

The colonization dynamics of lettuce bulk soil, rhizosphere, and inner-root tissue by 

two transformed (EGFP-) Streptomyces strains, EGFP-ZEA17I and EGFP-SW06W 

were evaluated in sterile sandy substrate by seed coating method. Rhizosphere/bulk 

soil (rhizo/bulk) proportion was also determined to compare the distribution of 

Streptomyces in lettuce rhizosphere and growth substance. 

 

3.1 Bulk soil colonization  

 

Two weeks after inoculation, the EGFP-ZEA17I strain was recovered at 3.33 x 10
1
 

CFU/g dry weight of substrate and the amount remained stable in the bulk soil up to 

six weeks at 1.03 × 10
2
 CFU/g dry weight of substrate. Meanwhile, the EGFP-

SW06W showed similar behavior to EGFP-ZEA17I in lettuce bulk soil, which was 
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stable from two to six weeks at the amount of 3.0 x 10
1
 - 1.4 x 10

2 
CFU/g dry weight 

of substrate (Table 8). There was no significant difference in the survival in bulk soil 

between the two strains at any of the re-isolation times (Figure 7). 

 

Table 8. Population dynamics of two transformed (EGFP-) Streptomyces strain in 

lettuce bulk soil, CFU g/soil dry weight.  

Strain                                 Bulk soil (CFU/g dry weight) 

EGFP-ZEA17I 

2 weeks 4 weeks 6 weeks 

3.33×10
1
ns

1 
8.43×10

1
ns 1.03×10

2
ns

 

EGFP-SW06W   3.00×10
1
ns 7.10×10

1
ns 1.40×10

2
ns 

1 
Tukey post hoc test, means in a row with same letters were not significantly different (P = 0.05). 

 

 

Figure 7. Comparison of population dynamics between two transformed (EGFP-) 

Streptomyces strains in lettuce bulk soil, CFU g/soil dry weight. Means at the same 

time point with same letters were not significantly different (P = 0.05).  

 

3.2 Lettuce rhizosphere colonization  

 

Both EGFP-ZEA17I and EGFP-SW06W showed stable population dynamics in 

lettuce rhizosphere from two to six weeks after sowing, ranging from 1.35×10
5
 to 
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2.37×10
4
 and from 3.07×10

5
 to 7.23×10

4
 CFU/g rhizosphere dry weight, respectively 

(Table 9). However, statistical significance between two weeks and six weeks were 

observed in EGFP-SW06W. More colonies were recovered from two-week-old 

lettuce rhizosphere. For EGFP-ZEA17I, there were no statistical differences between 

all the three re-isolation time-points mean values. Interestingly, there were no 

differences between two strains at two-week-old lettuce rhizosphere and four-week-

old lettuce rhizosphere, but EGFP-SW06W showed higher competence at six-week-

old lettuce rhizosphere than EGFP-ZEA17I (Figure 8). 

 

Table 9. Population dynamics of each transformed (EGFP-) Streptomyces strain in 

lettuce rhizosphere, CFU g/rhizosphere dry weight.  

Strain                             Rhizosphere (CFU/g dry weight) 

EGFP-ZEA17I 

2 weeks 4 weeks 6 weeks 

1.35×10
5
ns

1
 5.29×10

4
ns 2.37×10

4
ns 

EGFP-SW06W 3.07×10
5
a

 
8.43×10

4
ab 7.23×10

4
b 

1
Tukey post hoc test, means in a row with same letters were not significantly different (P = 0.05). 

 

 

Figure 8. Comparison of population dynamics of two transformed (EGFP-) 

Streptomyces strains in lettuce rhizosphere, CFU g/soil dry weight. Means at the same 

time point with same letters were not significantly different (P = 0.05). 
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3.3 Rhizosphere/bulk soil proportion  

 

Both EGFP-ZEA17I and EGFP-SW06W colonized to a higher extent the lettuce 

rhizosphere than the bulk soil, but the ratio of rhizosphere/bulk soil (rhizo/bulk) 

decreased after six weeks. For EGFP-ZEA17I, significantly lower rhizo/bulk 

proportion was observed for six-week-old plants compared to two-week-old plants. 

For EGFP-SW06W, two-week-old plants showed significantly higher rhizo/bulk 

proportion than four- and six-week-old plants; and there was no significant difference 

between four- and six-week-old plant (Table 10).  

 

Table 10. Rhizosphere and bulk soil proportions of two transformed (EGFP-) strains, 

CFU g/rhizosphere dry weight.  

Strain                          Proportion  (Rhizosphere/bulk soil) 

EGFP-ZEA17I 

2 weeks 4 weeks 6 weeks 

4.01×10
3
a

1 
6.27×10

2
ab 1.97×10

2
b 

EGFP-SW06W 1.02×10
4
a 1.19×10

3
b 5.15×10

2
b 

1
Tukey post hoc test, means in a row with same letters were not significantly different (P = 0.05). 

 

3.4 Lettuce inner-root colonization  

 

In lettuce inner-root tissue, up to six weeks, both EGFP-ZEA17I and EGFP-SW06W 

demonstrated consistent colonization kinetics from 8.24×10
5
 to 5.81×10

4
 and 

6.31×10
5
 to 2.93×10

4
 CFU/g fresh weight of root tissue, respectively. For each strain, 

there was no statistical significance observed between different isolation times (Table 

11). Interestingly, similar to the rhizosphere, EGFP-SW06W showed significant 

higher colonization at six-week-old inner root tissue of lettuce than EGFP-ZEA17I 

(Figure 9). 
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Table 11. Population dynamics of two transformed (EGFP-) Streptomyces strains in 

lettuce inner-root tissues, CFU g/root tissue fresh weight.  

Strain Inner root (CFU/g fresh weight) 

EGFP-ZEA17I 

2 weeks 4 weeks 6 weeks 

8.24×10
5
ns

1 
1.53×10

5
ns 5.81×10

4
ns 

EGFP-SW06W   6.31×10
5
ns 2.93×10

5
ns 3.11×10

5
ns 

1 
Tukey post hoc test, means in a row with same letters were not significantly different (P = 0.05). 

 

 

Figure 9. Comparison of population dynamics of two transformed (EGFP-) 

Streptomyces strains in lettuce inner-root tissue, CFU g/root tissue fresh weight. 

Means at the same time point with same letters were not significantly different (P = 

0.05). 

 

4. CLSM observation of lettuce colonization by EGFP-ZEA17I 

4.1 One-week-old plant 

 

Filamentous growth of EGFP-ZEA17I on lettuce root system one week after plant 

sowing was frequently observed (Figure 10). For instance, Mycelium of EGFP-

ZEA17I heavily colonized one area of lettuce root surface (Figure 10a). At the root 
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hair zone of lettuce, filamentous EGFP-ZEA17I was observed closely attached to the 

hairs (Figure 10b). Except for colonization lettuce root by its mycelium, germinated 

spores of EGFP-ZEA17I were found in an area which was close to the root hair zone 

(Figure 10c). Interestingly, a lettuce root tissue where a piece of soil substrate 

remained attached to the outer root, allowed us to observe that EGFP-ZEA17I 

colonized more extensively and abundantly the lettuce root than the soil particle 

(Figure 10d).  

 

 

Figure 10. CLSM observations of lettuce root colonization by EGFP-ZEA17I, within 

one week after bacterization. Filamentous colonization at (a) root surface, scale bar, 

25 μm (b) root hair zone, scale bar, 30 μm (c) area close to the root hair zone, red 

arrow pointed to single hypha, and blue arrow pointed to a group of germinated 

spores, scale bar, 15 μm (d) root tissue with soil subtract attached, black arrow 

pointed to the mycelium on root which were more abundant than on the soil particle, 

which was purple arrow pointed to, scale bars, 30μm. 
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4.2 Two-week-old plant 

 

On two-week-old lettuce roots, we also observed Streptomyces colonization by 

EGFP-ZEA17I. Streptomyces from different stages of its life cycle appeared 

concurrently at some sites of lettuce root tissues. For instance, spores, single hypha, 

spore chains, and groups of mycelium of EGFP-ZEA17I were detected on the root 

surface (Figure 11 and Figure 12).  

 

 

Figure 11. CLSM observations of lettuce root sample A colonized by EGFP-ZEA17I, 

two weeks after bacterization. Blue arrow pointed to a spore, and red arrow pointed to 

groups of mycelium, scale bar, 15μm.   
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Figure 12. CLSM observations of lettuce root sample B colonized by EGFP-ZEA17I, 

two weeks after bacterization. Blue arrow indicated a mycelium group, and red arrow 

pointed to a shore chain, scale bar, 20μm.   

 

5. CLSM observation of lettuce colonization by EGFP-ZEA17I in 

combination with FISH 

5.1 One-week-old plant 

 

Colonization of lettuce root by EGFP-ZEA17I was re-confirmed by FISH-CLSM 

approach. Both hybridizations of Cy3-labelled EUB338MIX probe (red fluorescence), 

and Cy5-labelled Strepto probe (green fluorescence) worked in EGFP-ZEA17I. 

Streptomyces confocal photos acquired simultaneously under both channels (Cy3 and 

Cy5) exhibited yellow fluorescence (Figure 13). EGFP-ZEA17I spores rapidly 

germinated and started filamentous mycelium growth on lettuce within one week after 

sowing in soil (Figure 13a). Large mycelium group was detected along the lettuce root 

tissue (Figure 13b). Interestingly, in the lettuce hair zone, a single EGFP-ZEA17I 

hypha was observed that colonized a single lettuce hair (Figure 13cd).   
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Figure 13. CLSM-FISH observations of lettuce root colonization by EGFP-ZEA17I 

one week after bacterization at four sites. (a) arrow pointed to a germinated spore, 

scale bar, 50μm, (b) arrow pointed to a large mycelium group, scale bar, 25μm, (c) 

arrow pointed to a single hyphae, scale bar, 25μm, (d) arrow indicated to a single 

hyphae colonizing lettuce root hair, scale bar, 50μm. 
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5.2 Two-week-old plant 

 

EGFP colonization on lettuce two-week-old root was also re-confirmed by CLSM in 

combination with FISH. Similar to what was observed on one-week-old plant, a large 

EGFP-ZEA17I “colony”, mycelium groups, was found at one site of lettuce root 

tissue (Figure 14, shown by green fluorescence signal of Streptomyces specific probe 

acquired under the Cy-5 channel). A clear and typical spore chain of Streptomyces 

was also observed on another lettuce root tissue, where single spore was also detected 

(Figure 15, shown by green fluorescence signal of Streptomyces specific probe 

acquired under the Cy-5 channel). 

 

 

Figure 14. CLSM-FISH observations of lettuce root sample C colonized by EGFP-

ZEA17I two week after bacterization. Blue arrow pointed to a large Streptomyces 

colony, scale bar, 20 μm. 
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Figure 15. CLSM-FISH observations of lettuce root sample D colonized by EGFP-

ZEA17I two week after bacterization. Blue arrow pointed to a typical spore chain of 

Streptomyces, and red arrow pointed to a single spore, scale bar, 20μm.  
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Discussion  

 

Plant associated microbes can contribute to crucial agro-ecosystem services. Indeed, 

successful control of phytopathogens and enhanced plant growth by application of 

these beneficial microorganisms are increasingly reported (Paulitz and Belanger, 

2001; Nelson, 2004). However, their large scale applications in field are often limited, 

also due to insufficient knowledge about their interactions with the host in the 

rhizosphere. Therefore, understanding the colonization of plant rhizosphere and root 

system by these microorganisms is gaining high interest nowadays in order to develop 

sustainable solutions for agriculture, like new BCAs and PGPB (Lugtenberg and 

Kamilova, 2009; Compant et al., 2010). 

 

The aim of the PhD work was to investigate the colonization of lettuce roots and 

rhizosphere by tagged Streptomyces spp. with biological control potential, to better 

understand if and how they inhabit the lettuce rhizosphere and colonize plant roots. 

Five Streptomyces strains were selected on the basis of their strong in vitro 

antagonism activity against one of the major lettuce soil borne pathogens, S. 

sclerotiorum (Bonaldi et al., 2014). They were transformed with the pIJ8641 plasmid 

harboring apramycin resistance marker and EGFP gene under a strong constitutive 

promoter (Sun et al., 1999). The conjugation efficiency varied, and for most strains it 

was comparable to the reference strain S. coelicolor A3 (2). The pIJ8641 plasmid 

integrates at the chromosomal attachment site for the temperate phage φC31, which 

may result in disruption or alteration of fitness and biological activity of the 

transformed strains. Indeed, decrease or loss of biological activity was reported after 

GFP-transformation of various BCAs, such as Pseudomonas putida Trevisan, 

Metschnikowia pulcherrima Pitt & Miller, or Clonostachys rosea Schroers (Nigro et 

al., 1999; Lubeck et al., 2002; Weyens et al., 2012). Following the transformation, we 

compared several biological parameters important for biological control and PGP 
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between transformed and wild-type strains, before studying their interactions with the 

host plant. None of the transformed strains showed altered growth or sporulation, 

which could have conferred a disadvantage in plant root and rhizosphere colonization. 

Also, all the transformed strains retained the ability to suppress growth of S. 

sclerotiorum in vitro. Therefore they will also be used for studying their interactions 

with the pathogen and the mechanisms of biological control in vivo. Moreover, we 

compared the expression of some of the most common traits involved in PGP and 

biological control (Brader et al., 2014), such as production of auxins, siderophores 

and lytic enzymes, and no change in performance between the wild-type and 

transformed strains was observed. 

 

We chose two strains, EGFP-ZEA17I and EGFP-SW06W, which showed the highest 

antagonism against S. sclerotiorum in vitro among the transformed strains, for pilot 

studies of lettuce roots and rhizosphere colonization. We adopted seed coating method 

to deliver Streptomyces, and evaluated their population dynamics in rhizosphere, bulk 

soil, and inner-root tissues of lettuce, grown in double sterilized sandy substrate. We 

quantified the population dynamics of the tagged strains by exploiting the introduced 

apramycin resistance. Both strains were able to survive in the bulk soil up to six 

weeks after inoculation, although at low quantity, 10
1
 - 10

2 
CFU/g dry weight. 

Different from the bulk soil, both strains showed high competence up to six weeks in 

the lettuce rhizosphere in the range of 10
4
 - 10

5
 CFU/g dry weight. The proportion of 

rhizosphere/bulk soil of the two strains slightly decreased when compared the values 

of six-week-old plants to two-week-old plants. It could be hypothesized that 

streptomycetes multiply the population in bulk soil faster than the increase in 

rhizosphere after six weeks. To determine the ability of two strains to colonize lettuce 

inner-root tissues, we verified that no Streptomyces colonies were recovered from the 

surface of root tissue after sterilization. Similar to the rhizosphere, both strains 

showed stable colonization also at the inner-root tissue in the quantity of 10
4
 - 10

5
 

CFU/g fresh weight. For each strain, there were no significant differences between 
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time points: two-, four-, and six weeks. Interestingly, in both lettuce rhizosphere and 

inner-root tissues of the six-week-old plants, EGFP-SW06W showed higher 

competence than EGFP-ZEA17I. These results indicated that EGFP-SW06W may 

colonize better the lettuce rhizosphere and inner-root tissue for long-term period 

under the conditions we used.  

 

Studying the dynamics of colonization by other beneficial microorganisms exploits 

the strain identification mostly by natural or introduced antibiotic resistance and its 

quantification by dilution plating (Gamalero et al., 2003; Gamalero et al., 2005). We 

made advantage of the apramycin resistance marker of the pIJ8641. Both strains 

colonized lettuce rhizosphere and inner-root tissue in high quantities up to six weeks, 

which was close to half of the lettuce cultivation cycle. The high proportion of 

rhizosphere/bulk soil through six weeks in our study additionally demonstrated that 

more streptomycetes were associated with the lettuce in the rhizosphere than in 

surrounding growth substrate. Plants are serving as filters for their associated 

microbiome. Although Gram-positive bacteria were found as large groups in 

rhizosphere of many plants, the plant species itself shaped the predominant 

microbiome compositions. Bacillus species were dominant in the rhizosphere of 

poaceae, sweet-potato, and barley (Normander and Prosser, 2000; Ferrero et al., 2010; 

Marques et al., 2014). Arthrobacter spp. was the most abundant in the rhizosphere of 

oilseed rape and maize (Gomes et al., 2001; Costa et al., 2006). Actinomycetes spp. 

were the second most-abundant group in the grass rhizosphere (McCaig et al., 1999). 

Streptomyces species were the dominant communities in the strawberry rhizosphere 

(Smalla et al., 2001; Costa et al., 2006). The stable lettuce rhizosphere and root 

colonization by our Streptomyces strains indicated their possible long-term 

interactions. Streptomyces could be chemoattracted to the rhizosphere of the growing 

seedling, where they quickly established a stable interaction with the lettuce.  
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Different strategies are being used for studying BCAs and PGPB in the rhizosphere. 

Their localization in roots and seeds rely on microscopic tools exploiting fluorescent 

markers, which give a fundamental insight into the spatial distribution of the 

microorganism in the plant rhizosphere and root system (Olivain et al., 2006; 

Compant et al., 2010; Cardinale, 2014). Application of fluorescent proteins or FISH 

to study the plant colonization has been widely reported in BCAs and PGPB, 

including different rhizobacteria, like Bacillus and Pseudomonas (Buddrus-

Schiemann et al., 2010; de-Bashan et al., 2010; Krzyzanowska et al., 2012; Sun et al., 

2014). However, particularly for Streptomyces, very few studies investigating 

colonization patterns on plants by using fluorescent proteins in combination with 

CLSM were addressed. In a previous study, Coombs and Franco (2003) demonstrated 

that the EGFP-tagged endophytic Streptomyces sp. strain EN27 rapidly colonized the 

wheat embryo, as it was detected in developing seeds as early as 24 h after 

inoculation. But longer period rhizosphere competence and colonization on roots were 

not determined. Similarly, Johnson et al. (2008) examined the colonization of several-

day-old radish seedling by a pathogenic Streptomyces strain using chemical staining. 

Further monitoring of Streptomyces in rhizosphere and radish root tissue was not 

followed. In our study, we observed the lettuce colonization by EGFP-tagged S. 

cyaneus ZEA17I up to two weeks, which could be the first report examining plant 

colonization by EGFP-tagged Streptomyces in the rhizosphere and root tissue for 

longer periods than several days. Filamentous growth and spore producing 

colonization patterns of Streptomyces showed their different life cycle with other non-

filamentous and non-sporulating rhizobacteria. EGFP-ZEA17I strain rapidly 

colonized the lettuce seedling root system, and established interactions with lettuce in 

early stage of lettuce seed germination and root development. This was in agreement 

with Coombs and Franco’s (2003) study that Streptomyces rapidly colonize plant 

tissues when delivered by seed coating method.  
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In this study, FISH in combination with CLSM was also used as an alternative 

method to study lettuce colonization by Streptomyces, as well as to re-confirm the 

colonization patterns obtained by the EGFP approach. Both bacteria-universal probe, 

Cy-3 (EUB338MIX), and Streptomyces specific probe, Cy-5 (Strepto), successfully 

annealed the EGFP-ZEA17I strain. The colonization patterns of the strain examined 

by FISH-CLSM approach was in accordance with the patterns obtained by CLSM for 

its fluorescence derived from EGFP as describe above.  

 

Although it is not known if the localization affects its potential for biocontrol and 

PGP, it has been hypothesized that endophytic bacteria form more stable interactions 

with plants, rather than rhizospheric or epiphytic bacteria (Ryan et al., 2008; Compant 

et al., 2010; Malfanova et al., 2011). In this study, both strains were recovered from 

lettuce inner-root tissue after surface sterilization. However, from the CLSM 

observations, it was hard to determine the endophytic colonization patterns. Further 

investigations should be done to examine the endophytic properties of the strains. 

Other techniques could be applied, e.g. scanning electronic microscopy (SEM), which 

helped to observe endophytic Streptomyces hyphae inside surface sterile tomato root 

(Sardi et al., 1992). Additionally, quantification by CFU to study colonization 

dynamics is a widely used method, but bias may exist since Streptomyces are 

filamentous and spore-producing bacteria. Therefore, qPCR could be considered as 

supplementary method to quantify the population dynamics. The biological activities 

of the strains used in this thesis work, like their biocontrol of S. sclerotiorum causing 

lettuce basal drop, and growth promotion of different vegetables, are under 

investigation in other experiments under the same project. Indeed, S. cyaneus 

ZEA17I, whose transformed strain was examined for lettuce colonization, showed 

PGP activities to different plants, and also showed significant suppression of S. 

sclerotiorum in vivo.  
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Further experiments to study the colonization of tagged Streptomyces in the presence 

of the S. sclerotiorum could be very interesting. On one hand, different factors may 

affect the ability of rhizobacteria to colonize plant, including phytopathogen infection. 

For instance, phytopathogens may also influence root exudates and thereby 

potentially influence the rhizobacteria composition. Biochemical evidence, enhanced 

exudation of malic acid in the rhizosphere, showed that Arabidopsis thaliana Heynh 

attracted specific rhizosphere colonizers via root exudation after infection with 

Pseudomonas syringae Van Hall (Rudrappa et al., 2008). On the other hand, 

successful BCA or PGPB have to be highly competitive to successfully colonize the 

plant rhizosphere, and to build the beneficial interactions with the plants (Compant et 

al., 2005). In addition, the effects of plant species and soil types on Streptomyces 

rhizospheric and endophytic colonization could be extended research topic for future 

work. Different plant species produce different root exudates, and thereby shape the 

preferred rhizosphere colonizers, and lead to specific plant-microbe colonization 

(Berg and Smalla, 2009). Actinobacteria were one of the core groups in Arabidopsis 

thaliana rhizosphere, as well as important composition of the root endophytic 

microbiota, that was shaped by the soil type (Bulgarelli et al., 2012).  The interactions 

between plant (including its root exudates), microbes, and soil type may finally result 

in different plant growth performance (Neumann et al., 2014; Schreiter et al., 2014). 

By using lettuce as a model plant, Schreiter et al. (2014) found that the abundance of 

root growth-promoting rhizobacteria in three different soil types coincided well with 

the order of the root length development in soil types. The observed differences in 

root growth on the different soils may due to the impact of soil type on lettuce root 

exudates, which shifted the abundance of root growth-promoting rhizobacteria. 

Connected to biocontrol studies, the complex inter-influences among these factors, 

plant species, root exudates, soil properties, beneficial rhizobacteria, and the 

pathogens should be addressed to understand the biocontrol mechanisms of microbe-

mediated biocontrol. 
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In general, this dissertation work applied different approaches to study plant (lettuce) 

Streptomyces colonization. The cultivation method in combination of introduced 

antibiotics enables to quantify the population dynamics of Streptomyces at different 

soil and lettuce compartments: bulk soil, rhizosphere, and inner-root tissue. Tagging 

Streptomyces with EGFP gene, as well as using FISH probes to stain Streptomyces 

cells, in combination with CLSM provides some notable information about the 

colonization patterns of lettuce root system by Streptomyces. Additionally, the 

successful transformed strains that maintained biological fitness evaluated in this 

study that expressing EGFP and apramycin resistance could be used in future studies 

mentioned above.  
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Conclusions: 

 

Based on the discussion of the results obtained for each hypothesis of the study, the 

following conclusions could be made: 

 

1. Transformation of the Streptomyces strains with the pIJ8641 constructs 

harboring the EGFP and apramycin resistance gene was successful. 

 

2. All transformed Streptomyces maintained the biological features evaluated, 

including antagonisms against Sclerotinia sclerotiorum, sporulation and 

mycelium biomass growth, production of secondary metabolites and lytic 

enzymes.  

 

3. Both Streptomyces cyaneus EGFP-ZEA17I, and Streptomyces sp. EGFP-

SW06W showed relatively stable colonization dynamics in lettuce bulk soil, 

rhizosphere, and inner-root tissues. 

 

4. Both strains showed significantly higher lettuce rhizosphere and inner-root 

tissue competences than in bulk soil.  

 

5. The rhizosphere/bulk soil ratio decreased after six weeks for the two strains. 

 

6. In six-week-old plants, Streptomyces sp. EGFP-SW06W showed higher 

competences than Streptomyces cyaneus EGFP-ZEA17I both in rhizosphere 

and inner-root tissue. 

 

7. Based on CLSM observations with EGFP and FISH approaches, Streptomyces 

cyaneus EGFP-ZEA17I rapidly colonized lettuce root systems and started 

filamentous growth and sporulation within several days after bacterization.  

 

8. Streptomyces cyaneus EGFP-ZEA17I colonized lettuce root system up to two 

weeks, which was in accordance with the quantification of population 

dynamics.  
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Beneficial microorganisms are increasingly used in agriculture, but their efficacy often
fails due to limited knowledge of their interactions with plants and other microorganisms
present in rhizosphere. We studied spatio-temporal colonization dynamics of lettuce roots
and rhizosphere by genetically modified Streptomyces spp. Five Streptomyces strains,
strongly inhibiting in vitro the major soil-borne pathogen of horticultural crops, Sclerotinia
sclerotiorum, were transformed with pIJ8641 plasmid harboring an enhanced green
fluorescent protein marker and resistance to apramycin. The fitness of transformants was
compared to the wild-type strains and all of them grew and sporulated at similar rates
and retained the production of enzymes and selected secondary metabolites as well as
in vitro inhibition of S. sclerotiorum. The tagged ZEA17I strain was selected to study the
dynamics of lettuce roots and rhizosphere colonization in non-sterile growth substrate.The
transformed strain was able to colonize soil, developing roots, and rhizosphere. When
the strain was inoculated directly on the growth substrate, significantly more t-ZEA17I
was re-isolated both from the rhizosphere and the roots when compared to the amount
obtained after seed coating. The re-isolation from the rhizosphere and the inner tissues
of surface-sterilized lettuce roots demonstrated that t-ZEA17I is both rhizospheric and
endophytic.

Keywords: biocontrol, Lactuca sativa, Sclerotinia sclerotiorum, streptomycetes, rhizosphere competence

INTRODUCTION
Roots anchor plants in soil, provide uptake of water and nutri-
ents, and mediate numerous interactions with soil organisms. The
interface between roots and soil – where most of these interac-
tions take place – is called rhizosphere. This narrow and specific
zone is distinct from bulk soil in terms of nutrient availabil-
ity, pH and presence of a wide variety of microorganisms and
invertebrates attracted and influenced by root exudates and rhi-
zodeposits (Hinsinger et al., 2009; Compant et al., 2010; Philippot
et al., 2013). Many microbes present in rhizosphere have neutral
effect on plants, while others positively or negatively affect host
development and health via complex interactions, which we are
only beginning to understand (Raaijmakers et al., 2009; Compant
et al., 2010; Glick, 2012). Some microorganisms are deleterious as
they compete with plants for nutrients or cause disease (soil borne
plant pathogens), while others support their hosts by mobilizing
nutrients, stimulating growth, and increasing yield or reducing
biotic and abiotic stresses, such as mycorrhizal fungi and plant
growth promoting bacteria (PGPB; Compant et al., 2010; Aeron
et al., 2011; Smith and Smith, 2011).

Plant growth promoting bacteria are gaining more and more
attention in modern agriculture, where sustainable and envi-
ronmentally friendly strategies of crop cultivation increasingly
rely on their use as biofertilizers, phytostimulants, or biopes-
ticides. They employ several mechanisms to improve the plant
growth, such as synthesis of phytohormones, nitrogen fixa-
tion and increasing availability of nutrients by production of

siderophores and solubilization of phosphates (Lugtenberg et al.,
2002; Compant et al., 2010). Furthermore, special attention is
dedicated to biological control agents (BCAs), a group of microor-
ganisms producing a wide variety of biologically active molecules
potentially able to inhibit plant pathogens. Antagonism is one
of the most common modes of action; here the BCA inhibits or
kills pathogens via production of diffusible or volatile antimicro-
bial compounds and cell wall degrading enzymes. Antagonism
is widespread in Bacillus, Pseudomonas, and Streptomyces spp.,
from which a wide range of biologically active secondary metabo-
lites were isolated (Raaijmakers et al., 2002; Compant et al.,
2005).

Despite the optimal performance at laboratory-scale screen-
ing tests, PGPB often fail to demonstrate their potential or show
inconsistent results in greenhouse and field trials. This vari-
able performance may have different causes, such as reduced
or delayed expression of bioactive molecules in the presence
of competing microorganisms or lower rhizosphere compe-
tence, i.e., poor colonization of root tissues and rhizosphere of
the host plant (Lugtenberg et al., 2001; Compant et al., 2010;
Ghirardi et al., 2012). To overcome these obstacles, it is essen-
tial to understand how PGPB interact with the host plant and
with other microorganisms present in soil. Several studies have
demonstrated better plant protection when bioactive Pseudomonas
spp. strains with improved rhizosphere-competence were used
(Ghirardi et al., 2012). In recent years, several characters essen-
tial for rhizosphere colonization were identified in Pseudomonas
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spp. (Latour et al., 2003; Lugtenberg and Kamilova, 2009), how-
ever, similar studies are missing for other beneficial genera of
bacteria.

One of such genera is Streptomyces, filamentous Gram-positive
bacteria commonly inhabiting soil and rhizosphere and renowned
for the production of a variety of bioactive secondary metabo-
lites (Loria et al., 2006; Hopwood, 2007). They have been largely
exploited in pharmaceutical industry since 1940s (Watve et al.,
2001; Lucas et al., 2013), whereas only a few have been devel-
oped as commercial products for plant application in agriculture
(Yuan and Crawford, 1995; Minuto et al., 2006; Berg, 2009).
Streptomycetes have been long considered simply as free-living
soil inhabitants, but recently the importance of their complex
interactions with plants and other organisms is being uncov-
ered (Seipke et al., 2012). Some of them, such as S. scabies or
S. turgidiscabies, are plant pathogens with broad host range, caus-
ing important economic losses especially on tap root and tuber
crops, such as potatoes, sweet potatoes, carrots, or beet (Loria
et al., 2006; Seipke et al., 2012). On the contrary, many others
establish beneficial relationships with host plants as endophytes
(Sardi et al., 1992; Coombs and Franco, 2003; Cao et al., 2004).
Auxin production was described for endophytic and free living
Streptomyces in rhizosphere (Coombs et al., 2004; Khamna et al.,
2009), while S. lydicus augmented the nodulation by Rhizobium
species in pea plants, increasing iron and molybdenum assim-
ilation as well as root growth (Tokala et al., 2002; Seipke et al.,
2012).

Several markers have been developed and adopted to study
localization and quantification of PGPB in the rhizosphere; among
these, antibiotic resistance has been widely used (Prosser, 1994;
Gamalero et al., 2003). Because many of soil microorganisms pro-
duce a variety of different antibiotics, it is necessary to determine
the specificity of the antibiotic marker selected for the identifi-
cation of PGPB before its use. Currently, fluorescent markers are
gaining increasing popularity for colonization studies (Lu et al.,
2004; Cao et al., 2011; Krzyzanowska et al., 2012). Various deriva-
tives of green fluorescent protein (GFP) have been engineered to
increase the fluorescence and to overcome the variable expression
of the original marker in different species (Errampalli et al., 1999;
Gamalero et al., 2003). Enhanced GFP (EGFP) contains numerous
silent nucleotide changes in comparison to GFP to maximize its
expression in mammalian cells (Haas et al., 1996), and was adopted
for use in Streptomyces spp., which have a similar codon usage (Sun
et al., 1999).

Green fluorescent protein has been utilized to study PGPB col-
onization of roots and rhizosphere in sterile conditions (Coombs
and Franco, 2003; Weyens et al., 2012). These studies provide a
basic understanding of the interactions between PGPB and the
host plant, but they do not consider the complex interactions
in vivo. In non-sterile conditions with high microbial diversity,
PGPB have to compete with other microorganisms present in
the rhizosphere, and in some cases the competition reduced the
colonization ability of PGPB (Cao et al., 2011; Hohmann et al.,
2012; Weyens et al., 2012). Moreover, the activity and the fit-
ness of the transformed strain need to be controlled following the
transformation, as it has been observed that the presence of the
transgene may interfere with the biological activity of the studied

organism (Nigro et al., 1999; Lübeck et al., 2002; Weyens et al.,
2012).

The objective of this work was to get insight into the localiza-
tion and colonization of a genetically modified Streptomyces strain,
selected as potential BCA, in lettuce roots and rhizosphere. First,
we compared the fitness of the transformed and the correspond-
ing wild-type strains, then we studied the colonization dynamics
of the most promising transformed strain in rhizosphere and roots
of lettuce plants in non-sterile growth substrate. Finally, we com-
pared the effect of two inoculation methods on the ability of the
Streptomyces strain to differentially colonize rhizosphere and roots.

MATERIALS AND METHODS
TRANSFORMATION OF Streptomyces spp.
Five Streptomyces strains, potential BCAs against Sclerotinia sclero-
tiorum, were used in this study: CX14W, CX16W, FT05W, SW06W,
and ZEA17I. They were maintained at the Plant Pathology Lab-
oratory, Department of Food, Environmental and Nutritional
Sciences (DeFENS), University of Milan, and selected previously
from a wide collection of actinomycetes isolated from roots of
different plants (Sardi et al., 1992; Petrolini et al., 1996; Bonaldi
et al., 2011, 2014). Escherichia coli strain ET12567 (harboring the
helper plasmid pUZ8002), was provided by prof. Flavia Marinelli,
University of Insubria, Italy, and was used as donor strain for
conjugation. Plasmid pIJ8641, obtained from prof. Mervyn Bibb,
John Innes Centre, UK, was maintained in E. coli strain DH5α.
It carries the EGFP gene under the constitutive ermE promoter,
an apramycin resistance marker [aac(3)IV ], an oriT/RK2 region,
and a lambda phage chromosomal integration sequence (IntC31;
Sun et al., 1999). The strain S. coelicolor A3(2) was obtained from F.
Marinelli, and used as a reference strain to evaluate transformation
efficiency.

Plasmid pIJ8641 was transformed into the donor strain E. coli
ET12567 (pUZ8002) by rubidium chloride method (Hanahan,
1983) and conjugated into recipient Streptomyces strains as pre-
viously described (Kieser et al., 2000). Prior to conjugation, the
concentration of the E. coli donor strain ET12567 containing plas-
mid pIJ8641 was adjusted to 1 × 107 CFU/mL. The ex-conjugants
were selected on the basis of apramycin resistance. The conjuga-
tion efficiency was calculated as number of ex-conjugant colonies
per number of recipient spores.

Genomic DNA of wild-type and transformed (t-) Strepto-
myces strains was extracted by the CTAB method (Kieser et al.,
2000). The amplification of 16S rDNA fragment (expected size
1500 bp) was used to evaluate the quality of DNA in all samples,
using PCR primers fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′)
and fD2 (5′-ACGGCTACCTTGTTACGACTT-3′; Weisburg et al.,
1991), and the following thermal cycling conditions: initial denat-
uration at 94◦C for 1 min, 30 cycles of denaturation at 92◦C
for 45 s, annealing at 56◦C for 30 s and extension at 72◦C for
2 min, a final extension at 72◦C for 5 min. PCR primers rEGFP-
N (5′-CTGGTCGAGCTGGACGGCGACG-3′) and rEGFP-C (5′-
CACGAACTCCAGCAGGACCA TG-3′) were designed to amplify
the EGFP gene fragment (expected fragment size 700 bp), using
the following thermal cycling conditions: initial denaturation at
94◦C for 1 min, 30 cycles of denaturation at 92◦C for 45 s, anneal-
ing at 60◦C for 45 s and extension at 72◦C for 2 min, a final
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extension at 72◦C for 2 min. The DNA amplification was car-
ried out using PCR thermal cycler (BioRad, USA), performed
in a total volume of 25 μL containing 30–50 ng DNA, 0.25 μM
each primer, 1 U/μL Go Taq DNA polymerase (Promega, USA),
5 μL of 5x Go Taq buffer (Promega, USA), and 0.2 mM of each
dNTP. The PCR products were visualized under Gel Doc transil-
luminator (BioRad, USA) following electrophoresis in 1%(w/v)
agarose gel.

For microscopic observations, the transformed Streptomyces
strains were inoculated on Czapek yeast extract agar (CZY; 35 g/L
Czapek-Dox Broth Difco, 2 g/L Yeast Extract Difco, 15 g/L agar). A
microscopic cover slide was partially inserted in the medium at the
edge of the inoculated strain under the 45◦ angle to allow the strain
to grow on the cover slide. The plates were incubated at 24◦C for
5 days. Subsequently, cover slides were removed from the medium
and observed by brightfield and epifluorescence microcopy using
Olympus BX51 with the FITC filter set (467–498 nm excitation
and 513–556 nm emission) to confirm the expression of EGFP in
transformants.

INHIBITION OF Sclerotinia sclerotiorum GROWTH IN VITRO
The antagonistic activity of wild-type and transformed (t-) Strep-
tomyces strains against S. sclerotiorum was determined by dual
culture assay on CZY agar as described (Bonaldi et al., 2014).
Briefly, 10 μL of Streptomyces spore suspension (1 × 107 CFU/mL)
were inoculated on a 40 mm line two days prior to S. sclerotiorum
inoculation. An agar-mycelium plug (5 mm diameter), obtained
from the edge of an actively growing colony of S. sclerotiorum
grown on Malt Extract Agar (MEA; 20 g/L Malt Extract, Difco,
and 15 g/L agar), was placed at 25 mm distance from the grow-
ing Streptomyces colony and the plates were incubated for 72 h
at 24◦C. Plates inoculated with S. sclerotiorum only were used
as a control. The antagonistic activity was determined by cal-
culating the percentage of growth inhibition of S. sclerotiorum
compared to the control. The experiment was repeated twice in
three replicates.

MYCELIUM GROWTH AND SPORULATION
The mycelium growth curve of transformed and wild-type strains
was determined daily as follows: 20 μL of Streptomyces spore sus-
pension (1 × 107 CFU/mL) were transferred into a 50 mL tube
containing 20 mL of CZY broth, and incubated at 30◦C with 200
rpm constant shaking for 8 days. Each day, 2 mL of liquid culture
were removed and spun at 10600 g for 10 min and the dry weight
of the pellet was repeated twice in three replicates and expressed
in g/L.

The sporulation of the strains was measured by plating 1 mL
of spore suspension (1 × 107 CFU/mL) on a CZY agar plate and
determining the number of spores produced after 6 days of incu-
bation at 30◦C (Grantcharova et al., 2005). Five mL of sterile water
were added to the Petri plate and the surface of colonies was gently
scraped to release the newly formed spores (Kieser et al., 2000).
The spore suspension was filtrated through two layers of sterile
gauze and the spore concentration (CFU/mL) was quantified by
plating serial dilutions of the spore suspension and counting the
number of colonies grown after 4 days of incubation at 30◦C. The
experiment was repeated twice in three replicates.

PRODUCTION OF SECONDARY METABOLITES
Siderophore production
Ten milliliter of Fe-free Czapek solution (300 g/L NaNO3, 50 g/L
KCl, 50 g/L MgSO4 · 7H2O) were mixed with 15 g/L agar, 30 g/L
sucrose, 1 g/L K2HPO4, and 5 g/L yeast extract to prepare the
Fe-free Czapek agar medium. Ten microliter of Streptomyces spore
suspension (1 × 107 CFU/mL) were inoculated in the center of a
Fe-free Czapek agar plate and incubated at 30◦C for two weeks.
Subsequently, the Streptomyces colony was overlaid by 15 mL of the
Chrome azurol S (CAS) agar (Schwyn and Neilands, 1987; Perez-
Miranda et al., 2007). The siderophore production was determined
as color change in the overlay medium (from blue to orange) after
24 h of incubation at room temperature. The experiment was
repeated twice in three replicates.

Chitinase production
The colloidal chitin and the colloidal chitin agar were prepared as
described previously (Saima et al., 2013). Ten microliter of Strep-
tomyces spore suspension (1 × 107 CFU/mL) were inoculated in
the center of colloidal chitin agar plate (chitin as single carbon
sources) as a 40 mm line and incubated at 30◦C for 10 days. The
production of chitinase was determined based on the presence of
a clear hydrolysis zone on the agar plate below the colony. The
experiment was repeated twice in three replicates.

Phosphate solubilization
The phosphate solubilization activity of the Streptomyces strains
was assessed using a plate assay with National Botanical Research
Institute’s Phosphate (NBRIP) medium (Nautiyal, 1999), in which
Ca3(PO4)2 is the only phosphate source. Ten microliter of Strep-
tomyces spore suspension (1 × 107 CFU/mL) were inoculated in
the center of a NBRIP-medium Petri plate and incubated at 30◦C
for 2 weeks. The phosphate solubilization was determined based
on the presence of a clear hydrolysis zone on the agar plate below
the colony. The test was repeated twice in three replicates.

Indole-3-acetic acid (IAA) synthesis
The IAA production was determined as described previously (Bric
et al., 1991; Bano and Musarrat, 2003). In brief, 10 μL of Strep-
tomyces spore suspension (1 × 107 CFU/ml) were incubated
with constant shaking at 5 g in 5 mL CZY broth added with
500 μg/mL tryptophan (Sigma, USA) in the dark at 30◦C for
10 days. Two mL of the liquid culture were centrifuged for 10 min
at 18000 g. One mL of the supernatant was mixed with 50 μL
10 mM orthophosphoric acid and 2 mL of Salkowski reagent
(1 mL of 0.5M FeCl3 in 50 mL of 35% HClO4). The tubes were
incubated at room temperature for 30 min. The development of
pink color indicated the IAA production, which was quantified by
spectrophotometer at 530 nm. The experiment was repeated twice
in three replicates.

SOIL, ROOT, AND RHIZOSPHERE COLONIZATION BY t-ZEA17I
The transformed ZEA17I strain (t-ZEA17I) was grown on CZY
medium containing 50 mg/L of apramycin at 24◦C for 10 days.
Spores were collected in 10% sterile glycerol and filtered through
two layers of gauze. The concentration was determined and the
spore suspension was stored at −20◦C.
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Bulk soil colonization
Prior to colonization studies, the presence of naturally occur-
ring apramycin-resistant streptomycetes in non-sterilized Irish
and Baltic peat-based growth substrate (Vigorplant, Italy) was
assessed. A portion of the substrate was resuspended in sterile
water and plated on water agar medium (WA) containing 15 g/L
agar, 25 mg/L nalidixic adic, 50 mg/L apramycin, 50 mg/L nys-
tatin, and 50 mg/L cycloheximide. Plates were incubated for 7 days
at 24◦C and the presence of apramycin-resistant streptomycete
colonies was visually checked.

The growth substrate was placed in a polystyrene seed tray
(48 cm3/cell) and watered with tap water. In every cell, t-ZEA17I
was uniformly distributed on the top of the substrate adding 1 mL
spore suspension (1 × 107 CFU/mL). The growth substrate was
incubated in a growth chamber (24◦C, 55% relative humidity and
15 h photoperiod) and watered every 2–3 days with tap water.
t-ZEA17I was re-isolated 4 h (day 0), 10, 20, and 30 days after
inoculation (dai) in six replicates. The entire amount of growth
substrate in the cell was collected and weighed. The substrate was
mixed to homogenize the inoculum and divided in two identi-
cal parts. One part was incubated in the oven at 50◦C and the
dry weight was determined. The other part was stirred in ster-
ilized water (1:10 substrate fresh w/v) for one hour and serial
dilutions were plated on WA. Plates were incubated for 7 days
at 24◦C and streptomycete colonies were counted. The t-ZEA17I
concentration was expressed as CFU/g of growth substrate dry
weight.

Plant inoculation
Ice queen lettuce seedlings (Lactuca sativa var. capitata, Iceberg
group, Semeurop, Italy) were grown in polystyrene seed trays,
as described previously. Seeds were surface sterilized in 0.7%
sodium hypochlorite for 5 min and rinsed three times in sterile
water. Two methods were used to inoculate the t-ZEA17I strain.
In the growth substrate inoculation method, 1 mL spore suspen-
sion (1 × 107 CFU/mL) was uniformly distributed in every cell
on the top of the growth substrate. In the seed coating method,
50 seeds were soaked in 1 mL of t-ZEA17I spore suspension
(1 × 107 CFU/mL) and left to dry under the laminar flow hood.
One seed for each cell of the tray was sown and the seedlings were
incubated and watered as described previously.

To determine the inoculum load t-ZEA17I was re-isolated from
seeds and growth substrate after inoculum application. In case of
the growth substrate inoculation method, the t-ZEA17I strain was
re-isolated four hours after soil inoculation as described above
for bulk soil, and its amount was expresses as CFU/g of growth
substrate dry weight. For the seed coating method, 10 randomly
collected seeds were incubated for 30 min in 1 mL of sterile
0.9% NaCl and serial dilutions were plated on WA medium in
six replicates. Following incubation at 24◦C for 7 days the t-
ZEA17I colonies were counted and the amount was expressed first
as CFU/seed and then recalculated as CFU/g of growth substrate
dry weight.

t-ZEA17I re-isolation from rhizosphere and root tissues
The t-ZEA17I strain was re-isolated 10, 20, and 30 days after sow-
ing from rhizosphere and root tissues of six lettuce seedlings, equal

to number of replicates. Seedlings with root system were carefully
taken off the cell and the bulk soil was removed by gently shaking
the plants (Bulgarelli et al., 2012).

For the rhizosphere analysis, each seedling was cut at base and
the roots were vortexed two times for 15 s in 1–3 mL (volume vary-
ing according to period of sampling) of sterilized 0.9% NaCl and
0.02% Silwet L-77 (washing solution). The roots were removed
and the suspension was filtered through a 300 μm nylon mesh
to obtain the rhizosphere soil and its dry weight was determined.
The suspension was centrifuged at 10600 g for 10 min and the
pellet was resuspended in 0.5–1.5 mL of washing solution and
plated in serial dilutions on WA medium. The plates were incu-
bated at 24◦C for 7 days. The t-ZEA17I colonies were counted
and the concentration was expressed as CFU/g of rhizosphere dry
weight.

For inner root tissues analysis, the roots were surface sterilized
with propylene oxide for one hour (Sardi et al., 1992). Then, they
were washed in washing solution and 1/10 of the total volume
was plated on WA medium to verify the absence of contaminants.
Subsequently the roots were finely homogenized in 1–3 mL wash-
ing solution, let to macerate for one hour and the suspension was
plated in serial dilutions. The t-ZEA17I concentration was deter-
mined as described before and expressed as CFU/g of roots dry
weight.

STATISTICAL ANALYSES
All analyses were done using R software, version R3.0.2. (R Core
Team, 2013). The statistical differences between data of trans-
formed and wild-type strains in S. sclerotiorum growth inhibition,
sporulation, and IAA production were compared by a Student’s
t-test (P = 0.05). The percent data were arcsine root-squared
transformed. The soil, root, and rhizosphere colonization data
were submitted to ANOVA, followed by a Tukey post hoc test for
multiple comparison (P = 0.05), using the TukeyC package (Faria
et al., 2013).

RESULTS
TRANSFORMATION OF Streptomyces spp. WITH PLASMID pIJ8641
All six strains, including S. coelicolor A3(2) were transformed with
the pIJ8641 plasmid harboring the EGFP gene under a constitu-
tive promoter and apramycin resistance. Conjugation efficiency
varied among strains: four strains, CX14W, SW06W, CX16W,
and FT05W showed conjugation efficiency similar to S. coelicolor
A3(2), while one strain, ZEA17I conjugated with lower efficiency
(Table 1). The EGFP gene was detected in transformed strains
(data not shown), and its expression was confirmed by fluores-
cence microscopy observing a strong green fluorescence in all
transformants following exposition to fluorescent light (Figure 1),
while the corresponding wild-type strains did not fluoresce.

EFFECT OF THE TRANSFORMATION ON STRAIN FITNESS
Following the transformation, the fitness of transformants was
evaluated in terms of mycelium growth and sporulation, inhi-
bition of S. sclerotiorum mycelium growth, and production
of selected secondary metabolites. All the transformed strains
showed similar mycelium growth and sporulation to their corre-
sponding wild-type strains (Figure 2 – for simplicity, the growth
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Table 1 | Conjugation efficiencies of five Streptomyces spp. strains

and S. coelicolor A3(2) with the pIJ8641 plasmid.

Strain Recipient strain

(CFU/mL)

Conjugation efficiency

(CFU/recipient strain)

S. coelicolor A3(2) 1 × 108 9.10 × 10−6

CX14W 1 × 108 4.64 × 10−5

CX16W 1 × 1010 6.88 × 10−6

FT05W 1 × 109 1.60 × 10−6

SW06W 1 × 108 3.13 × 10−5

ZEA17I 1 × 109 5.81 × 10−8

curves for only two strains were reported, Table 2). The trans-
formants inhibited S. sclerotiorum radial growth from 66 to 81%,
and no significant differences were observed between wild-type
and transformed strains. Finally, no significant differences
were detected in siderophore, auxin, chitinase production, and
phosphate solubilization (Tables 2 and 3).

COLONIZATION DYNAMICS OF THE TRANSFORMED ZEA17I IN BULK
SOIL
In this study, apramycin was used as a marker to identify the trans-
formed t-ZEA17I strain. However, to be able to use it in greenhouse
experiments, we first checked for the presence of naturally occur-
ring apramycin-resistant Streptomyces spp. in the growth substrate,
but none were detected. Therefore non-sterilized growth substrate
was used in following experiments.

The colonization dynamics of t-ZEA17I in bulk soil showed
that the initial inoculum, 1.16 × 108 CFU/g dry weight added
to the soil, was recovered at 3.85 × 107 CFU/g dry weight four
hours after inoculation (0 dai). The t-ZEA17I amount decreased
significantly within the first 10 days and thereafter it remained
stable up to 30 days at 2.18 × 104 CFU/g dry weight (Table 4).

COLONIZATION OF LETTUCE RHIZOSPHERE AND INNER ROOT TISSUES
BY THE TRANSFORMED ZEA17I
The Streptomyces strain t-ZEA17I was inoculated with two differ-
ent methods: as a spore suspension distributed on soil surface and
as seed coating. The colonization dynamics of rhizosphere and

FIGURE 1 | Microscopic observation of EGFP expression in transformed Streptomyces strains by bright field (left) and epifluorescence microscopy

(right). Mycelium and spore chains of (A) the strain t-ZEA17I, (B) the strain t-FT05W, and (C) spore chains of the strain t-CX16W. Scale bar, 20 μm.
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FIGURE 2 | Mycelium growth of the wild-type and transformed Streptomyces spp. strains, (A) CX14W and (B) CX16W. Vertical bars represent SE
(N = 3).

Table 2 | Sporulation, auxin production, and inhibition of Sclerotinia sclerotiorum mycelium growth of the wild-type and transformed (t-)

Streptomyces spp.

Strain Sporulation (109 CFU/mL) Auxin production (μg/mL) S. sclerotiorum inhibition (%)

CX14W 7.47 ± 3.221

P2 = 0.229
5.82 ± 0.44

P = 0.278
78.80 ± 1.70

P = 0.072
t-CX14W 6.80 ± 4.91 5.11 ± 0.35 73.00 ± 2.28

CX16W 4.23 ± 6.58
P = 0.178

5.87 ± 0.86
P = 0.872

68.99 ± 0.98
P = 0.091

t-CX16W 5.55 ± 1.61 6.03 ± 0.24 65.87 ± 1.33

FT05W 1.45 ± 3.69
P = 0.242

6.04 ± 0.60
P = 0.207

67.59 ± 0.68
P = 0.684

t-FT05W 1.37 ± 4.56 7.11 ± 0.21 67.13 ± 0.85

SW06W 2.27 ± 1.15
P = 0.205

7.32 ± 0.66
P = 0.588

80.21 ± 1.34
P = 1.000

t-SW06W 0.78 ± 1.67 6.88 ± 0.28 80.21 ± 1.34

ZEA17I 0.47 ± 0.23
P = 0.417

7.56 ± 0.59
P = 0.690

74.80 ± 1.76
P = 0.069

t-ZEA17I 1.63 ± 1.15 6.84 ± 0.38 80.75 ± 1.51

1Mean value followed by SE. 2P-values of the Student’s t-test pairwise comparisons.

Table 3 | Phosphate solubilization, chitinase, and siderophore

production of the wild-type and transformed (t-) Streptomyces spp.

Strain Phosphate

solubilization

Chitinase

production

Siderophore

production

CX14W +1 + +
t-CX14W + + +
CX16W + + +
t-CX16W + + +
FT05W + + −
t-FT05W + + −
SW06W + + −
t-SW06W + + −
ZEA17I + + −
t-ZEA17I + + −
1+ indicates activity. – indicates no activity.

inner root tissues of lettuce seedlings differed between the two
methods.

In the rhizosphere, the concentration of the t-ZEA17I strain
remained similar to the inoculated amount during the first 20 dai

with either method. When t-ZEA17I was distributed on top of
the growth substrate, a significant increase in concentration 30 dai
was observed. In the case of the seed coating, after a slight increase
within the first 10 days, the final amount was not significantly
different from the initial inoculum (Table 5).

Similarly, we studied the dynamics of t-ZEA17I colonization
in the inner tissues of lettuce roots. First, we ruled out the
possible external root contamination due to ineffective steriliza-
tion, and no Streptomyces colonies were detected. The t-ZEA17I
strain was re-isolated from inner root tissues of surface-sterilized
roots independently of the inoculation method, confirming its
ability to endophytically colonize lettuce roots. The concentra-
tion of t-ZEA17I declined steadily through time, however, this
reduction was not significant with either inoculation method
(Table 6).

Finally, we compared the two inoculation methods to get a
further insight into whether one of them could improve the sur-
vival and colonization rates of t-ZEA17I in lettuce rhizosphere
and roots. In the rhizosphere, significantly more t-ZEA17I was
re-isolated at all sampling times using the growth substrate inoc-
ulation rather than seed coating (P = 0.0037, 0.0389, and 0.0005,
for sampling time 10, 20, and 30 dai, respectively). Similarly,
in roots, significantly higher concentration of t-ZEA17I was re-
isolated using the growth substrate inoculation at 20 and 30 dai
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Table 4 | Colonization dynamics in bulk soil by transformed Streptomyces ZEA17I.

Inoculation method Bulk soil (CFU/g dry weight)

0 dai1 10 dai 20 dai 30 dai

Growth substrate 3.85 × 107a2 1.25 × 104b 1.54 × 104b 2.18 × 104b

1dai = days after inoculation. 2Tukey post hoc test; means in a row with the same letters are not significantly different (P = 0.05).

Table 5 | Colonization dynamics of Lactuca sativa var. capitata rhizosphere by transformed Streptomyces ZEA17I strain according to two

inoculation methods.

Inoculation method Rhizosphere (CFU/g dry weight)

0 dai1 10 dai 20 dai 30 dai

Growth substrate 2.51 × 106 b2 2.72 × 107 ab 3.07 × 107 a 3.80 × 107 a

Seed coating 1.28 × 106 ab 2.01 × 106 a 9.85 × 105 ab 1.19 × 105 b

1dai = days after inoculation. 2 Tukey post hoc test; means in a row with the same letters are not significantly different (P = 0.05).

Table 6 | Colonization dynamics of L. sativa var. capitata inner root

tissues by transformed Streptomyces ZEA17I strain according to two

inoculation methods.

Inoculation method Roots (CFU/g dry weight)

10 dai1 20 dai 30 dai

Growth substrate 1.94 × 107 ns2 1.45 × 106 ns 2.36 × 105 ns

Seed coating 3.93 × 105 ns 2.23 × 105 ns 1.39 × 104 ns

1dai = days after inoculation. 2ns, ANOVA not significant (P > 0.05).

(P = 0.0415 and P = 0.0604, respectively). However, in spite of
higher strain amounts present in roots using the growth substrate
inoculation method, not all seedlings were colonized. Indeed,
we failed to re-isolate t-ZEA17I from roots of three seedlings
(one seedling at 20 dai and two seedlings at 30 dai), whereas,
using the seed coating method, all roots were endophytically
colonized.

DISCUSSION
Plant beneficial bacteria have a great potential in agriculture as
PGPB and BCAs and reports about successful control of plant
diseases are increasing. However, application of these micro-
bial agents in field often fails to achieve the expected results,
which could be due to lack of knowledge about their biol-
ogy and interactions with the host plant, the pathogens, and
other microorganisms in the rhizosphere. Therefore, there are
increasing attempts to study these complex interactions that take
place in the rhizosphere (Gamalero et al., 2003; Compant et al.,
2010).

Our aim was to study spatio-temporal dynamics of coloniza-
tion of lettuce roots and rhizosphere by Streptomyces spp. with
biological control potential, to better understand if and how they
inhabit the rhizosphere and colonize plant roots. We selected five

Streptomyces strains on the basis of their strong in vitro antago-
nism against the major soil-borne pathogen of horticultural crops,
S. sclerotiorum (Bonaldi et al., 2014), and we transformed them
with the pIJ8641 plasmid harboring apramycin resistance marker
and EGFP gene under a strong constitutive promoter (Sun et al.,
1999). The conjugation efficiency varied, and for most strains it
was comparable to the reference strain S. coelicolor A3(2). The
pIJ8641 plasmid integrates at the chromosomal attachment site
for the temperate phage ϕC31, which may result in disruption
or alteration of fitness and biological activity of the transformed
strains. Indeed, decrease or loss of biological activity was detected
after GFP-transformation of various BCAs, e.g., Pseudomonas
putida, Metschnikowia pulcherrima, or Clonostachys rosea (Nigro
et al., 1999; Lübeck et al., 2002; Weyens et al., 2012). We compared
several traits important for biological control and plant growth
promotion of transformed and wild-type strains, before studying
their interactions with the host plant. None of the transformed
strains showed altered growth or sporulation, which could have
conferred a disadvantage in plant root and rhizosphere coloniza-
tion. All transformants retained the ability to suppress growth of
S. sclerotiorum in vitro, therefore they will also be used for study-
ing their interactions with the pathogen and the mechanisms of
biological control in vivo. Moreover, we compared the expres-
sion of some of the most common traits involved in plant growth
promotion and biological control (Brader et al., 2014), such as pro-
duction of auxins, siderophores and lytic enzymes, and no change
in performance between the wild type and the transformants was
observed.

We chose the most promising transformed strain, t-ZEA17I,
for pilot studies of lettuce roots and rhizosphere colonization. We
intentionally used a non-sterile growth substrate to simulate com-
petition with natural microflora and evaluate the competitiveness
of the inoculated Streptomyces strain exploiting the apramycin
resistance for its identification among soil microorganisms. In
absence of the host plant, we confirmed that t-ZEA17I freely sur-
vives in soil, although we observed a sharp decrease in its density
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within the first 10 days after bulk soil inoculation. Similar dynam-
ics for introduced microbial population in non-sterile soil are
already known, attributed to scarcity of available nutrients and
adverse biotic and abiotic factors (van Veen et al., 1997). How-
ever, following the initial fall in population density, the t-ZEA17I
population remained stable for up to 30 days, probably establish-
ing an equilibrium with the indigenous microflora as described
previously (Yuan and Crawford, 1995; Merzaeva and Shirokikh,
2006). In the presence of the lettuce plant, we did not detect in
the rhizosphere the initial rapid decrease in t-ZEA17I amount
that was observed in bulk soil. On the contrary, its concentration
augmented when applied directly on the growth substrate. It is
possible that t-ZEA17I was chemoattracted to the rhizosphere of
the growing seedling, where it quickly established a stable inter-
action with the host plant roots. Indeed, the presence of a host
plant may greatly affect the survival of PGPB, as was observed, i.e.,
for the sharp decline in Azospirillum brasilense population after
removal of inoculated plants (Bashan et al., 1995).

Different strategies are being used for studying BCAs and PGPB
in the rhizosphere. Their localization in roots and seeds rely on
microscopic tools exploiting fluorescent markers, which give a
fundamental insight into the spatial distribution of the microor-
ganism along and inside the growing root, but do not quantify
the microbial amounts and their dynamics (Coombs and Franco,
2003; Olivain et al., 2006; Compant et al., 2010). Additionally,
studying the dynamics of colonization by beneficial microor-
ganisms exploits the strain identification mostly by natural or
introduced antibiotic resistance and its quantification by dilu-
tion plating (Gamalero et al., 2003, 2005). Here, we quantified the
t-ZEA17I in roots and rhizosphere through the introduced antibi-
otic resistance for its identification, to understand if it can inhabit
soil in competitive concentrations in comparison to the indige-
nous microflora. t-ZEA17I was detected in the inner root tissues of
growing seedlings already 10 days after inoculation at high concen-
trations. Indeed, Coombs and Franco (2003) demonstrated that
the EGFP-tagged endophytic Streptomyces sp. strain EN27 rapidly
colonizes the wheat embryo, as it was detected in developing roots
as early as 24 h after inoculation. Re-isolation of t-ZEA17I from
the rhizosphere and the inner tissues of surface-sterilized roots
indicates that it is both rhizospheric and endophytic, although it is
not known if its localization affects its potential for biocontrol and
plant growth promotion. It has been hypothesized that endophytic
bacteria form more stable interactions with plants, rather than rhi-
zospheric or epiphytic bacteria (Compant et al., 2010; Malfanova
et al., 2011).

Finally, we tested how different methods of inoculation influ-
ence the t-ZEA17I colonization ability. When it was distributed
directly on the growth substrate, higher concentration was
detected in roots, however, we could not re-isolate the strain from
all inoculated plants. On the contrary, when the seed coating
method was used, less propagules were recovered but all plants
were endophytically colonized. It is possible that in case of seed
coating, t-ZEA17I is more closely associated with the growing
seedling, which increases its probability to internally colonize
root tissues. In roots, we observed progressive decline in its con-
centration using either inoculation method. Although the total
amount of t-ZEA17I increased at different sampling times (data

not shown), the increase in lettuce root biomass was probably
higher than the strain growth, thus resulting in lower strain con-
centration per g of root. To ensure that t-ZEA17I colonizes roots
in effective concentrations, and to prevent its decline to unde-
tectable levels, studies assessing optimal amount of inoculum are
needed. Moreover, it is possible that strains colonize only certain
root zones (Gamalero et al., 2004, 2005). Therefore, further studies
are needed to establish which zones of the plant roots are colonized
by t-ZEA17I and ultimately how it interacts with the plant in pres-
ence of S. sclerotiorum, to evaluate its biological control activity
in vivo.
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Abstract: Soil-borne fungal pathogens cause serious damage to horticultural crops. One of the most 

serious is Sclerotinia sclerotiorum, whose management relies mainly on chemicals, and more recently 

on use of biological control agents (BCA). Modern and sustainable disease management strategies for 

short cycle hort-crops should shift from chemicals to known or new BCA. With the objective to 

broaden the number of BCA and to get a new insight into the mode of action of streptomycetes able to 

reduce S. sclerotiorum severity, we have applied an EGFP (enhanced green fluorescence protein) 

approach to study Streptomyces-mediated biological control. The EGFP gene was integrated through 

conjugation into five strains that had previously shown strong in vitro antagonistic activity. The ex-

conjugates were selected based on their resistance to apramycin. Conjugation efficiencies varied 

among strains from 5.81×10
-8

 to 4.64×10
-5

 ex-conjugates/recipient cell. The ex-conjugates fluoresced 

when observed by fluorescence microscopy, and the presence of the EGFP gene was additionally 

confirmed by PCR. The influence of EGFP transformation on the growth rate and the antagonistic 

activity against S. sclerotiorum in vitro was evaluated. None of the characters were significantly 

altered for the ex-conjugates, except for EGFP-FT05W strain, which showed lower antagonistic 

activity. The EGFP transformed Streptomyces strains will be used to study plant-pathogen-microbe 

interactions, and will contribute to further understanding of biological control mechanisms of plant 

soil-borne fungal pathogens. 

 
Key words: Streptomyces, enhanced green fluorescence protein, biological control, fitness   

 

 

Introduction  
 

Streptomyces spp., belonging to Actinomycetes, is an important genus of gram-positive, 

filamentous bacteria found ubiquitously in soil. Streptomycetes have been shown to suppress 

plant diseases and could be used as biological control agents in various hosts (Emmert & 

Handelsman, 1999; Singh et al., 1999; Paulitz & Belanger, 2001; Minuto et al., 2006). 

Colonization of the host plant by beneficial microbes plays a crucial role in biological control 

(Haas & Defago, 2005; Naik et al., 2009). The scanning electron microscopy techniques have 

been used to determine the colonization of Streptomycetes in plants (Sardi et al., 1992; Basil 

et al., 2004). Besides scanning electron microscopy, the innovation and application of auto 

fluorescent proteins, such as the green fluorescent protein (GFP), originally found in the 

jellyfish Aequorea victoria, have been developed as novel markers for studying plant-microbe 

interactions, including bacteria colonization and biocontrol mechanisms (Bloemberg, 2007).  

GFP emits fluorescence directly when excited by UV or short-wave blue light, 

eliminating thus the use of exogenous cofactors or substrates for its detection. However, the 

utilization of the wild-type GFP in streptomycetes often failed most probably because of 

different codon usage (Leskiw et al., 1991; Sun et al., 1999). Compared to wild-type GFP, the 
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enhanced green fluorescent protein (EGFP) gene is a modified version with a codon usage 

that corresponds well to that found in many GC rich streptomycete genes. The EGFP, 

originally developed for expression in mammalian cells, was adopted to report spatial and 

temporal gene expression in S. coelicolor (Sun et al., 1999). Recently, its use in 

streptomycetes to report gene expression and to determine protein dynamic localization, such 

as their roles in spore germination and mycelium formation, is rapidly increasing (Dedrick et 

al., 2009; Heichlinger et al., 2011; Jyothikumar et al., 2012; Willemse et al., 2012).  

Here, five Streptomyces strains showing biocontrol potential against S. sclerotiorum have 

been labeled with EGFP to study their localization and interactions in/with the host plant, and 

to gain understanding about root and rhizosphere colonization which are crucial for their 

biocontrol activity against plant soil-borne fungal pathogens.  

 

 

Material and methods  
 

Strains and plasmids used 

The Streptomyces strains used in this study were maintained in the Plant Pathology 

Laboratory, Department of Food, Environmental and Nutritional Sciences (DeFENS), 

University of Milan, and selected previously as potential biocontrol agents against plant soil-

borne fungal pathogens (Sardi et al., 1992; Petrolini et al., 1996; Bonaldi et al., 2011; Bonaldi 

et al., 2014). For conjugation with selected Streptomyces spp., a methylation deficient strain 

E.coli ET12567 (harboring the helper plasmid pUZ8002), was kindly provided by prof. Flavia 

Marinelli, University of Insubria, Italy, and was used as the donor strain. The plasmid 

pIJ8641, obtained from prof. Mervyn Bibb, John Innes Center, UK, was maintained in E.coli 

strain DH5α. It carries the EGFP gene under the constitutive ErmE promoter, an apramycin 

resistance marker (aac(3)IV), an oriT/RK2 region, and a lambda phage chromosomal 

integration sequence (IntC31)(Sun et al., 1999). 

 

Conjugation 

The plasmid pIJ8641 was extracted from E. coli DH5α by plasmid DNA minipreparation 

method (Birnboim & Doly, 1979) and transformed into the donor strain E.coli ET12567 

(pUZ8002) by rubidium chloride method (Hanahan, 1983). Subsequently, it was conjugated 

into recipient Streptomyces strains as previously described (Kieser et al., 2000). The 

concentration of the E. coli donor strain ET12567 containing plasmid pIJ8641 was adjusted to 

10
7
 CFU/ml prior to conjugation. The conjugation efficiency was calculated as the number of 

ex-conjugant colonies divided by the number of recipient spores. The strain S. coelicolor A3 

(2) was used as a reference strain. The ex-conjugants were selected on the soya flour mannitol 

agar medium  (SFM) (20g/L organic soya flour, 20g/L Mannitol Difco, and 20g/L agar) added 

with MgCl2 (10mM) and 50 mg/L of apramycin. 

 

Genomic DNA extraction and PCR amplification 

The genomic DNA of ex-conjugants and wild-type Streptomyces strains was extracted by 

CTAB method (Kieser et al., 2000), with an additional step to remove RNA in excess before 

adding isopropanol. The amplification of 16S rDNA fragment (expected size 1500 bp) was 

used to confirm the presence of DNA in all samples, using PCR primers fD1 (5’-

AGAGTTTGATCCTGGCTCAG-3’) and fD2 (5’-ACGGCTACCTTGTTACGACTT-3’) 

(Weisburg et al., 1991), and the thermal cycling conditions: an initial denaturation at 94°C for 

1 min, followed by 30 cycles of denaturation at 92°C for 45 s, annealing at 56°C for 30 s and 

extension at 72°C for 2 min, followed by a final extension at 72°C for 5 min. The PCR 



 

primers rEGFP-N (5’-CTGGTCGAGCTGGACGGCGACG-3’) and rEGFP-C (5’-

CACGAACTCCAGCAGGACCA TG-3’) were designed to amplify the EGFP gene fragment 

(expected fragment size 700 bp). The thermal cycling conditions used were: an initial 

denaturation at 94°C for 1 min, followed by 30 cycles of denaturation at 92°C for 45 s, 

annealing at 60°C for 45 s and extension at 72°C for 2 min, followed by a final extension at 

72°C for 2 min. The DNA amplification was carried out using PCR thermal cycler (BioRad, 

Italy), performed in a total volume of 25 μl containing 30-50 ng DNA, 0.25 µM each primer, 

1 U/μl  Go Taq DNA polymerase (Promega), 5x Go Taq buffer (Promega), and 0.2 mM of 

each dNTP. The PCR products were visualized by electrophoresis in 1% (w/v) agarose gel. 

The gel containing ethidium bromide (10 μg/ml) was viewed under transilluminator to 

confirm the expected size of the product.  

 

Observation of protein expression 

The ex-conjugants and wild-type Streptomyces strains were grown in liquid Czepek broth 

(CZY) (35 g/L Czapek-Dox Broth Difco, 2 g/L Yeast Extract Difco) for three days and 

subsequently observed by fluorescence microcopy, Olympus BX51, with the FITC filter set, 

with 467-498 nm excitation length and 513-556 nm emission length. 

 

Antibiosis test  

The antagonistic activity of ex-conjugates and wild-type Streptomyces strains against S. 

sclerotiorum was performed by the dual culture assay on CZY medium. Ten μl of spore 

suspension (10
7 

CFU/ml) of Streptomyces were inoculated on a 40mm line two days prior to 

S. sclerotiorum inoculation. An agar-mycelium plug (5 mm diameter), obtained from the edge 

of an actively growing colony of S. sclerotiorum grown on Malt Extract Agar (MEA) (20 g/L 

Malt Extract, Difco and 15 g/L agar) was placed upside down in each dish at 25 mm distance 

from the growing Streptomyces colony, and the plates were incubated for 72 hours at 24
o
C. 

Plate inoculated only with S. sclerotiorum plug was used as control. The experiment was 

repeated twice in three replicates. The percentage of inhibition (PI) of S. sclerotiorum radial 

growth was calculated using the formula: PI (%) = C-R/C×100, where C represents the 

distance from the inoculation point to the colony margin on the control plate, and R indicates 

the distance of fungal radial growth from the inoculation point to the colony margin on the 

Streptomyces-inoculated plate. 

 

Growth rate determination 

Twenty μl of Streptomyces spore suspension (10
7 

CFU/ml) were tranfered into a falcon tube 

containing 20 ml of CZY, and incubated at 30
 o

C, with 200 rpm constant shaking. Daily 

growth measurments were done as follows; two ml of liquid culture were put into pre-

weighted eppendorf tube and spined at 10000 rpm for 10 minutes. The supernatant was 

removed and the pellet was dried overnight at 70
o
C in the oven. The eppendorf was weighted 

when the pellet was completely dry, and the difference between the two weight measurements 

corresponded to the dry weight of streptomycetes biomass. The measurements were done in 

four replicates. 

 

 

Results  
 

Conjugation efficiency 

Six strains including S. coelicolor A3 (2) were transformed with pIJ8641 harboring the EGFP 

gene under the constitutive promoter. Conjugation efficiency varied among strains. Four 



 

strains, CX14W, SW06W, CX16W and FT05W showed conjugation efficiency similar to S. 

coelicolor A3(2), while one strain, ZEA17I, demonstrated significantly lower conjugation 

efficiency than  the reference strain (Table 1). 

 

 

Table1. Conjugation efficiencies of five Streptomyces spp. strains and Streptomyces 

coelicolor with the pIJ8641 plasmid. 

 

Strain Donor strain 

(CFU/ml) 

Recipient strain 

(CFU/ml) 

Conjugation efficiency 

(CFU/recipient strain) 

CX14W 10
7
 10

8
 4.64×10

-5
 

SW06W 10
7
 10

8
 3.13×10

-5
 

CX16W 10
7
 10

10
 6.88×10

-6
 

FT05W 10
7
 10

9
 1.60×10

-6
 

ZEA17I 10
7
 10

9
 5.81×10

-8
 

S.coelicolor A3(2) 10
7 

10
8 

9.10×10
-6

 

 

 

PCR detection of the EGFP-transgene 

Genomic DNA of both ex-conjugants and wild-type Streptomyces strains was extracted, and 

the PCR amplification was performed to verify the presence of the EGFP fragment to confirm 

successful transformation. 16S rDNA fragment was amplified as a control of DNA extraction 

(Figure1). The 16S rDNA fragment was amplified in all samples, while the EGFP gene 

fragment was only detected in transformed strains.  

 

 

 
 

Figure 1. PCR amplification of EGFP fragment. A) PCR to detect 16S rDNA fragment. B) 

PCR to detect EGFP gene fragment. --- represents H2O used as negative control. 

 

 

Microscopic observation of EGFP expression 

The expression of EGFP in transformed strains was observed by fluorescence microscopy, 

and all transformed strains fluoresced. The transformed strain showed consistent and strong 

green fluorescence upon exposition to fluorescent light (Figure 2b), while it’s corresponding 

wild-type strain did not fluoresced (Figure 2d). 

 



 

 
 

Figure 2. EGFP expression in Streptomyces spp. strain FT05W. A) The transformed strain 

observed under white light, and B) shortwave blue light, C) the wild-type strain observed 

under white light, and D) shortwave blue light. 

 

 

Antibiosis test  

The antagonistic activity of wild-type strains against S. sclerotiorum ranged from 66 to 81%. 

After conjugation, the EGFP-transformed strains inhibited S. sclerotiorum radial growth to 

similar extent as the corresponding wild-type strains, except for EGFP-FT05W strain, which 

showed approximately 33% lower inhibition than the FT05W wild-type strain (Figure 3). 

 

 

 
 

Figure 3: Inhibition of Sclerotinia sclerotiorum radial growth by EGFP- or wild-type 

Streptomyces spp. The error bars represent the standard error. 

 

 

Growth rate determination 

All the EGFP transformed strains showed similar growth rate to their corresponding wild-type 

strains. For brevity, the growth curve of EGFP-CX16W was similar to its wild-type strain 

(Figure 4a), and the same was observed for EGFP-FT05W, which showed lower antagonistic 

activity to S. sclerotiorum (Figure 4b).  
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Figure 4. Growth rate (biomass) of Streptomyces spp. before and after transformation with 

EGFP. A) Strain FT05W. B) Strain CX16W. The error bars represent the standard error.  

 

 

Disscussion  
 

The EGFP construct (pIJ8641) was successfully conjugated into five target Streptomyces 

strains, with variable conjugation efficiency in different strains. The concentration of the 

donor strain was adjusted to 10
7 

CFU/ml, as described in literature. In case of the recipient 

strains, variable spore concentrations were used (Paranthaman & Dharmalingam, 2003; 

Luzhetskyy et al., 2006; Galm et al., 2008), however, the minimum concentration that 

obtained successful ex-conjugates in our case was 10
8
 CFU/ml. The presence of the EGFP 

gene in all transformed Streptomyces strains was confirmed by molecular means and by 

microscopic observation using fluorescence microscopy. The transformed strains showed 

consistent and strong green fluorescence upon exposition to fluorescent light. Therefore, the 

conjugation with the methylation defective E. coli ET12567 is an efficient method for 

transformation of diverse Streptomyces spp. and the pIJ8641 can be successfully used for 

visualization of transformed strains.  

Transformation of a reporter gene is sometimes accompanied by changes in fitness or 

properties important for biocontrol of the selected strain. Indeed, three of five GFP-

transformed Metschnikowia pulcherrima transformants lost antagonistic activity against 

Botrytis cinerea, while the activity of the remaining two transformants was indistinguishable 

from the wild-type strain (Nigro et al., 1999). Similarly, after the transformation of 

Clonostachys rosea with β-glucuronidase (GUS) and GFP reporter genes, most transformants 

maintained similar biocontrol efficiency against Fusarium culmorum to the wild-type strain, 

however, one transformant showed decreased control efficiency (Lubeck et al., 2002). 

The Streptomyces strains used in our study were selected on the basis of their strong 

antagonism against S. sclerotiorum in vitro (Bonaldi et al., 2014). Prior to studying and 

visualizing the interactions of bioactive Streptomyces with the host plant and the pathogen by 

fluorescence microscopy, the fitness of the EGFP- tagged strain was compared to that of wild-

type. The antibiosis test against S.sclerotiorum, one of the most important soil-borne 

pathogens causing serious damage in horticultural plants, was done to see if the biocontrol 

potential of transformed strains was preserved after transformation. In four of five strains, 

there were no significant differences between their antagonistic activities against 

S.sclerotiorum in vitro before and after transformation. Instead, the Streptomyces FT05W 

strain showed significantly lower antagonism after transformation with EGFP construct.  

Moreover, the effect of EGFP transformation on the growth rate, determined by the 

biomass dry weight was studied. All the five transformed strains showed similar growth rate 

to the corresponding wild-type ones, including the Streptomyces EGFP-FT05W strain, in 

which we observed lower antagonistic activity against S.sclerotiorum. 



 

Before applying these EGFP labeled strains to study their colonization in plant tissues 

and biocontrol, further experiments will be performed to assess other characteristics of fitness 

after transformation, such as spore and secondary metabolites production, which may be 

involved in biocontrol mechanisms of Streptomyces against plant soil-borne pathogens. 
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